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Preface 
Graphene, a two-dimensional carbon nanomaterial, has been a rising star in 
material science due to its unique properties. Dye-sensitized solar cells (DSSCs) are 
currently the leading photovoltaic device (PV) among third generation solar cells due to 
their low production cost, ease of manufacturing and acceptable power conversion 
efficiency. Graphene are attracting much attention for the development of solar cells. 
My PhD work was supervised by Professor Yun Hang Hu, who is the role model 
in my research study. The work in my PhD research has been published in 10 peer-
reviewed journals. Professor Hu and I are the only two authors in 7 published papers. I 
performed all the materials synthesis, characterization, solar cell fabrication, data analysis 
and most writing in Chapter 3 “Effect of Oxygen Content on Structures of Graphite 
Oxides”, Chapter 4 “Electrolyte-induced Precipitation of Graphene Oxide in Its Aqueous 
Solution” and Chapter 6 “Three-Dimensional Honeycomb Structured Graphene as 
Counter Electrode Catalysts for Dye-sensitized Solar Cells”. I performed all the materials 
synthesis, most characterization (except TEM and XPS) and writing in Chapter 5 “Three-
Dimensional Honeycomb-like Structured Graphene”. B. Hu contributed to the writing of 
1.3 part of Chapter 1 “Background”. Dr. K. Sun contributed to the TEM data collection, 
while Dr. D.J. Stacchiola and Dr. F. Tao contributed to the XPS data collection and 
analysis in Chapter 5. I performed all the experiments and wrote papers under the 
guidance of Professor Hu for the work in this dissertation. This work would not be 
possible without the guidance, encouragement, and support from Professor Hu. 
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Abstract 
Graphene, which is a two-dimensional carbon material, exhibits unique properties 
that promise its potential applications in photovoltaic devices. Dye-sensitized solar cell 
(DSSC) is a representative of the third generation photovoltaic devices. Therefore, it is 
important to synthesize graphene with special structures, which possess excellent 
properties for dye-sensitized solar cells.  
This dissertation research was focused on (1) the effect of oxygen content on the 
structure of graphite oxide, (2) the stability of graphene oxide solution, (3) the application 
of graphene precipitate from graphene oxide solution as counter electrode for DSSCs, (4) 
the development of a novel synthesis method for the three-dimensional graphene with 
honeycomb-like structure, and (5) the exploration of honeycomb structured graphene 
(HSG) as counter electrodes for DSSCs.  
Graphite oxide is a crucial precursor to synthesize graphene sheets via chemical 
exfoliation method. The relationship between the oxygen content and the structures of 
graphite oxides was still not explored. In this research, the oxygen content of graphite 
oxide is tuned by changing the oxidation time and the effect of oxygen content on the 
structure of graphite oxide was evaluated. It has been found that the saturated ratio of 
oxygen to carbon is 0.47. The types of functional groups in graphite oxides, which are 
epoxy, hydroxyl, and carboxylgroups, are independent of oxygen content. However, the 
interplanar space and BET surface area of graphite oxide linearly increases with 
increasing O/C ratio. 
xviii 
 
Graphene oxide (GO) can easily dissolve in water to form a stable homogeneous 
solution, which can be used to fabricate graphene films and graphene based composites. 
This work is the first research to evaluate the stability of graphene oxide solution. It has 
been found that the introduction of strong electrolytes (HCl, LiOH, LiCl) into GO 
solution can cause GO precipitation. This indicates that the electrostatic repulsion plays a 
critical role in stabilizing aqueous GO solution. Furthermore, the HCl-induced GO 
precipitation is a feasible approach to deposit GO sheets on a substrate as a Pt-free 
counter electrode for a dye-sensitized solar cell (DSSC), which exhibited 1.65% of power 
conversion efficiency. 
To explore broad and practical applications, large-scale synthesis with 
controllable integration of individual graphene sheets is essential. A novel strategy for the 
synthesis of graphene sheets with three-dimensional (3D) Honeycomb-like structure has 
been invented in this project based on a simple and novel chemical reaction (Li2O and 
CO to graphene and Li2CO3). The simultaneous formation of Li2CO3 with graphene not 
only can isolate graphene sheets from each other to prevent graphite formation during the 
process, but also determine the locally curved shape of graphene sheets. After removing 
Li2CO3, 3D graphene sheets with a honeycomb-like structure were obtained. This would 
be the first approach to synthesize 3D graphene sheets with a controllable shape. 
Furthermore, it has been demonstrated that the 3D Honeycomb-Structured Graphene 
(HSG) possesses excellent electrical conductivity and high catalytic activity. As a result, 
DSSCs with HSG counter electrodes exhibit energy conversion efficiency as high as 
7.8%, which is comparable to that of an expensive noble Pt electrode. 
xix 
 
Chapter 1 Background* 
1.1 Photovoltanic cells 
 
The current consumption of power is 13 terawatts (TW) worldwide. This amount 
is likely to increase to 30 TW by the year 2050 due to the increase in population and the 
improvement of living standards.1 If fossil fuels are exploited to meet this requirement, 
the concentration of carbon dioxide in the atmosphere would be more than double, 
enhancing global warming. Therefore, it is a great challenge to provide the world with 30 
TW power without contribution to environmental issues. Light from the sun is the ideal 
source of energy. The sun deposits 120 000 TW of radiation on the earth, which is the 
largest single available source of clean energy. Although technologies have been 
developed to exploit solar energy efficiently, they is still no economically viable 
alternative to fossil fuels.2 So far, only about 5 GW power is generated from solar energy 
by solar cells.3 A combination of increased energy prices and fears over global warming 
are pushing up demand for solar cells.4  
Currently, the vast majority of solar cells on the market are single-junction silicon 
wafer devices including single crystal and multicrystalline silicon, which are known as 
first generation solar cells.5 The second generation of photovoltaic material was 
developed to reduce the fabrication cost through the deposition of thin films,5 particularly 
*The material contained in this chapter was previously published in journal 
ChemSusChem, 2010, 3, 782-796 by Hui Wang and Yun Hang Hu. See Appendix H for 
documentation of permission to republish this material.   
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 Si thin films and Cu-based ternary semiconductor films, such as CdS/CuInSe2 and 
Cu(In,Ga)Se2.6-10 These thin film devices with a single junction constitute a rapidly 
growing segment of the solar cell market.5 The third generation PVs are designed to 
exceed the limits of single-junction devices, to lead to a high efficiency and to reduce 
production costs. Various attempts to develop the third generation cells exist, such as 
multi-junction cells, intermediate-band cells, hot carrier cells, organic cells, and dye 
sensitized solar cells.1,4,5 
1.1.1 Crystalline Si solar cells 
Silicon solar cell was firstly developed by Bell Laboratories in 1954 with an 
efficiency of 6%.11 The efficiency was rapidly increased to 10% and then to 30%. The 
development of Si solar cell benefited greatly from the high standard of silicon 
technology, which provides high quality single crystal silicon. General silicon crystal 
growth techniques include Czochralski (Cz) and float zone technique.12 In Czochralski 
growth process, a seed of single-crystal silicon contacts the top of molten silicon and is 
slowly withdrawn under rotation. As the seed is slowly raised, atoms of the molten 
silicon solidify in the pattern of the seed and extend the single-crystal structure. In float 
zone technique, a rod of highly purified polycrystalline silicon is melted by induction 
heating and a single crustal is pulled from this molten zone. Float zone material is 
exceptional purity with very low oxygen contamination, but it is much more expensive 
than Czochralski technique. To further reduce the cost of a solar cell, polycrystalline 
silicon technology was developed,13 in which silicon blocks are sawn into bars and then 
2 
 
wafers. Polycrystalline silicon is cheaper than single crystal materials but yields solar 
cells with a lower efficiency due to the grain boundaries.  
The main drawback of Si crystalline solar cell is associated with their indirect 
optical band gap that requires a thick active layer for the solar conversion and thus costly 
fabrication of large area materials. Furthermore, those cells suffer many efficiency losses 
for energy conversion, such as “red losses” that photons with energies below the band 
gap of the device cannot be absorbed and “blue losses” that photons with energies above 
the band gap lose their excess energy as heat. 
1.1.2 Thin film solar cells 
Thin film solar cells, also known as the second generation solar cells, include 
amorphous silicon solar cells, copper indium (gallium) diselenide (CIGS) solar cells, 
cadmium telluride (CdTe) solar cells, and so on. The second generation devices share the 
same performance restrictions as the first generation ones. 
Amorphous silicon (a-Si) is silicon that appears to be solid but has no long-range 
crystal structure. The action between photons and silicon atoms occurs more frequently in 
amorphous silicon than in crystal silicon. As a result, amorphous silicon absorbs solar 
radiation 40 times more effectively than single-crystal silicon. For this reason, the 
amorphous silicon cells can employ thin silicon film (about 1 μm thick). The common 
used method to deposition thin a-silicon film is plasma enhanced chemical vapor 
deposition (PECVD). The first publications on a-Si relevant for solar cells can date back 
to 1970s.14,15 Until now, the efficiency of a-Si solar cells are around 15% for 
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laboratories16,17 and 6-8% for module cells. Amorphous silicon solar cells suffer from the 
issue of light induced degradation caused by Staebler-Wronski effects.18  
Copper indium diselenide (CIS, CuInSe2), can absorb 99% of sunlight in its first 
micrometer. Furthermore, the introduction of small amounts of gallium into the CIS layer 
can boost its band gap and improve the voltage and thus the efficiency of the device. 
Typical CIGS solar cells are depositing CIGS films on Mo coated glass substrates at a 
substrate temperature above 500 °C. The heterojunction is formed by chemical deposition 
of a thin CdS layer from a solution containing Cs-ions. High efficiency approaching 20% 
of CIGS solar cells was reported for laboratory scale devices.19 
 Thin-film solar cell based on CdTe was first reported by Cusano20 in a p-
Cu2Te/N-CdTe heterojunction and succeeded in obtaining 6% efficiency. CdTe is a 
nearly ideal material for thin-film photovoltaics because not only its ideal optical band 
gap close to the optimum for solar energy conversion but also it is easy for thin-film 
deposition processes. The active layers of CsTe based solar cells are deposited on SnO2 
or indium tin oxide coated glass. High efficiency cells use very thin chemically deposited 
CdS. The fabrication of the CsTe-CdS heterojunction is one of the keys to efficient 
devices.  
1.1.3 Dye-sensitized solar cells  
Third generation PVs, which represent the cutting edge of solar technologies, are 
designed to exceed the limits of single-junction devices for a high efficiency and a low 
production cost.5 
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Dye-sensitized solar cells (DSSCs) are currently the leading photovoltaic device 
with regards to third generation PVs due to its low production cost, ease of 
manufacturing and acceptable power conversion efficiency.21,22 Since a prototype for 
DSSCs was reported in 1991 by O’Regan and Gratzel,21 they have aroused an intense 
interest.23-26 As shown in Fig. 1, a typical dye-sensitized solar cell consists of a dye, a 
nanocrystalline TiO2 film at the photoanode, a counter electrode (CE) and an electrolyte 
with a redox couple in the liquid or solid state.27–29 In principle, photoexcitation of the 
dye in a DSSC leads to a rapid electron injection to the conduction band of the 
semiconductor (i.e. TiO2), followed by electron transfer to the photoelectrode, where the 
original state of the dye is restored by electron donation from the electrolyte. The 
collected electrons in the photoelectrode are transported through an external circuit to the 
counter electrode, and the circuit is completed through regenerating the electrolyte at the 
counter electrode. Although the solar power conversion efficiency of DSSCs is lower 
than that of classic crystalline silicon cells, there is a high potential for improvement of 
the energy conversion efficiency. 
 
Fig.1.1. Working principle of a DSSC. 
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1.2 Graphene  
 
Because of the bonding flexibility of carbon, carbon-based materials exhibit 
various structures with a large variety of physical properties. Three-dimensional carbon 
allotropes (graphite and diamond) have been well-known for a long time. The zero-
dimensional carbon fullerenes and one-dimensional carbon nanotubes were discovered 
within the last 25 years. However, studies of two-dimensional graphene, which is a one-
atom thick layer made out of carbon atoms in a hexagonal ‘‘honeycomb” carbon lattice, 
had been neglected.30 Graphene constitutes the basic structure of other carbon allotropes, 
namely, graphite, fullerences, and nanotubes, which can be formed by stacking, wrapping 
and rolling-up graphene, respectively. The properties of graphene have been studied 
theoretically for about 60 years.31-37 About 25 years ago, it was predicted that graphene 
could represent a condensed matter analogue of quantum electrodynamics in two spatial 
and time dimensions.34-36 However, such a significant prediction did not attract much 
attention because it was generally recognized that isolated graphene could not exist.38-40 
This situation was completely changed with the demonstration of exfoliated graphene in 
2004.30,41 Within the last five years, graphene has become an exciting and promising 
model system for two-dimensional solids.42-49 This material has many exciting and 
unique properties, such as high carrier mobility, a weak dependence of mobility on 
carrier concentration and temperature, and an unusual quantum Hall effect.42,43,50 
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1.2.1 Preparation  
There are two types of approaches to synthesize graphene: (1) physical 
approach—“mechanical exfoliation” and (2) chemical approach—“epitaxial growth” 
(including chemical vapor deposition) and “reduction of graphite oxide”. 
Single-layer graphene is generally prepared by mechanical exfoliation, in which 
highly oriented pyrolytic graphite (HOPG) is peeled using scotch tape and the subsequent 
release of the graphene flake on Si/SiO2 after the tape is removed.30 This simple approach 
can produce graphene flakes with dimensions of 70–100 μm, which has afforded the 
evaluation of the properties of single-layer graphene or bilayer graphene.51 However, the 
mechanical exfoliation of graphene is not suitable for large-scale synthesis of a single- or 
few-layer graphene due to its low yield.  
The epitaxial growth process has also been exploited to prepare single-layer 
graphene via the sublimation of Si of SiC or the catalytic decomposition of hydrocarbon 
(or carbon oxide). The epitaxial growth of graphene can be carried out by heating a SiC 
substrate in ultra high vacuum at a high temperature (typically greater than 1000 °C; i.e., 
a sublimation of Si atoms from the surface results in the formation of a graphene sheet on 
the top of SiC).51-56 The number of graphene layers can be controlled by the time or 
temperature of the heating treatment. This process can provide a higher yield with much 
less defects than the exfoliation method, but cannot easily fabricate a large-area graphene. 
By using catalytic decomposition of hydrocarbons or carbon oxide, graphene can also be 
grown epitaxially on metal surfaces.57-60 When the metal surfaces are heated, 
hydrocarbon (or carbon oxide) decomposes into carbon atoms and hydrogen gas (or 
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oxygen gas), and the carbon atoms then form a graphene monolayer. This approach has 
been well-known as chemical vapor deposition (CVD).61-66 However, the large amount of 
carbon sources absorbed on metals usually generates thick graphite crystals rather than 
thin graphene films. To solve this issue, low pressure or high dilution of hydrocarbons 
have been used to form thin graphene films on metals.67-69 Furthermore, the obtained 
graphene films on a transition metal surface can be transferred to other substrates via 
metal etching. For example, Kim et al. deposited thin layers of nickel (thinner than 300 
nm) on a SiO2/Si substrate using an electron-beam evaporator, followed by heating to 
1000 °C under an argon atmosphere.67 At 1000 °C, the obtained Ni/SiO2/Si was treated 
by a reaction gas mixture (CH4/H2/Ar=50:65:200 standard cubic centimeters per minute) 
flow and then rapidly cooled to room temperature by argon flow. This produced the 
mono- and bilayer graphene film on the nickel layer. Furthermore, after etching nickel 
and the SiO2 layers, the isolated graphene film was transferred to the Si substrate. 
Therefore, by using the pre-patterned nickel substrate, one can transfer various sizes and 
shapes of graphene film to an arbitrary substrate, which is very important for device 
applications. Recently, this approach was employed to prepare large-area, continuous, 
few-layered graphene as anodes for organic photovoltaic devices.70  
The reduction of graphite oxide has been a promising route to achieve mass 
production of graphene through three steps: oxidation of graphite, exfoliation of graphite 
oxide into graphene oxide, and reduction of graphene oxide.71,72 As early as in 1859, 
Brodie explored oxidation of graphite by adding potassium chloride (KClO3) into a slurry 
of graphite in fuming nitric acid (HNO3).73 The obtained graphite oxide had a chemical 
composition of C2.19H0.80O1.00. About 100 years later, Hummers and Offeman developed 
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an alternate oxidation method by reacting graphite with a mixture of potassium 
permanganate (KMnO4) and concentrated sulfuric acid (H2SO4), achieving similar levels 
of oxidation (C/O ca. 2:1).74 Although other slightly modified processes have been 
developed, these two methods are the primary routes for the synthesis of graphite oxide.72 
A variety of thermal and mechanical approaches can be used to exfoliate graphite oxide 
to single-layer graphene oxide (GO), but sonicating and/or stirring graphite oxide in a 
solvent are most common. Finally, the single-layer graphene oxide can be reduced by 
hydrazine or other reducing agents, resulting in single-layer graphene sheets.71,75-77 In 
addition, graphite oxide can also be reduced by high-temperature treatment,77-81 
electrochemical reaction,82,83 and photographic camera flash.84 
1.2.2 Physical properties 
Graphene is a unique mixture of a semiconductor (zero density of states) and a 
metal (gaplessness) with unusual properties. It has extraordinary electronic excitations 
described in terms of Dirac fermions that move in a curved space.37 Unlike in the case of 
metals or common semiconductors, the electrons in graphene, which obey the Dirac 
equation rather than the Schrödinger equation, are almost insensitive to disorder and 
electron–electron interactions. Although the typical carrier mobility at room temperature 
is about 15, 000 cm2 V-1 s-1,45 it can reach 200, 000 cm2 V-1 s-1 in suspended graphene at a 
charge carrier concentration of 4×10-9 cm-2.85 As a result, the room temperature mean-
free path for ballistic transport is about 300–500 nm. Although the resistivity of graphene 
is strongly dependent on the gate voltage, it is not quite sensitive to temperature 
change.86,87 The important properties of graphene are summarized in Table 1. 
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In contrast to the extensive effort on electrical transport, optical study of graphene 
has been limited.88-96 It was shown that the optical transparency (Tr) of graphene is 
dependent on its optical conductivity σ(ω) where ω=frequency and c=the light 
velocity:97,98  
2]/)(21[)( −+= cTr ωπσω  
Furthermore, Geim et al. experimentally found that the optical transparency of 
graphene was 0.977, which is independent of ω, in the visual regime (450 
nm<wavelength<750 nm).99 This experimental observation could be theoretically 
explained by describing graphene as noninteracting Dirac particles with optical 
conductivity as follows:100 
h
eDTkB 2
)(
2
)0( πωσ =≤≤  
where D is the upper cutoff energy for the linear dispersion and T is the 
temperature. Assuming σ = σ(0) gives 
2)2/1()( −+= QEDTr παω  
where, αQED=e2/(hc)=1/137.035999, which is the fine structure constant of 
quantum electrodynamics. Therefore, one can obtain: 
9774629.0)( =ωTr  
This is in excellent agreement with the experimental measurements, indicating 
that the optical transparency of noninteracting graphene is solely determined by the value 
of the fine structure constant of quantum electrodynamics. Furthermore, the opacity, 
which is 2.3% for a single graphene layer, was found to increase with membrane 
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thickness (i.e., each graphene layer adds another 2.3%). Therefore, such a unique optical 
property with its unusual electrical property constitutes an ideal candidate as transparent 
electrodes for solar cells. Furthermore, the ability of a single-layer graphene to absorb 2.3 
percent of incident light over a broad wavelength range can allow it to be used as ultrafast 
transistor-based photodetectors.95 
1.2.3 Chemical properties 
Graphene is currently at the center of attention in physics. However, its chemistry 
has not yet been largely explored. Currently, the knowledge about graphene chemistry is 
mainly limited to the adsorption and desorption of atoms, molecules, and functional 
groups, such as H, K, NO2, NH3, and OH.49 Adsorbed molecules, which are weakly 
attached to graphene surface, can act as donors or acceptors.46,61 In this case, the high 
conductivity of graphene can be maintained.46 However, the electron-donor molecules 
decrease the conductivity of graphene, whereas the electron-acceptor molecules increase 
the conductivity.75 Such a conductive response of graphene to its chemical environment 
can allow it to be exploited as an effective sensor to detect individual gas molecules.46 In 
contrast, the strong bonding of an atom or group (such as H and OH) to graphene can 
destroy its conductivity, generating its poorly conductive derivatives, such as graphene 
oxide47 and hydrogenated graphene.48 Furthermore, the partial substitution of C atoms in 
a graphene sheet by B or N could strongly affect the structure and properties of 
graphene.61,75  
Although graphite consists of graphene sheets, they should have different 
chemical properties. Graphite possesses a flat surface, however, graphene typically 
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exhibits nanometer-scale corrugation.44a Such associated strain and curvature can 
markedly enhance the local reactivity of graphene, such as fullerences. Furthermore, the 
absence of an obscuring contribution from the bulk makes properties of graphene more 
sensitive to chemical inductions.46 
The functionalization of graphene can be expected to play an important role in the 
modifications of graphene for specific applications. For example, the graphene paper is 
porous, fragile, and metallic if it is made of nonfunctionalized graphene flakes44b and 
dense, stiff, and strong if it is made of graphene oxide.47 
 
1.3 Graphene for photovoltanic solar cells 
1.3.1 Transparent electrode 
Organic and inorganic thin film solar cells are being pursued as viable alternatives 
to silicon solar cells. A critical aspect of these solar cells is the current conduction across 
the illuminated side of the device in the transparent conductor (TC), namely, the 
illuminated side (electrode) should be transparent with good conductance. Currently, two 
materials can meet those requirements: indium tin oxide (ITO) and fluorine tin oxide 
(FTO). Although ITO is more effective than FTO, ITO still has several drawbacks:78, 81, 
101,103 (1) limited resource of indium on the earth; (2) the ion diffusion from ITO into 
polymer layers in organic solar cell, which reduces overall efficiency; (3) the poor 
transparency in near infrared region, which restricts their ability to gather a wider range 
of solar energy; (4) instability of ITO at acid or base conditions; and (5) the brittleness of 
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ITO, which limits its application for flexible organic photovoltaics. To solve these issues, 
searching for new window electrodes with low cost and better performance is being 
focused on carbon materials.  
  To obtain effective materials with low sheet resistance and high optical 
transparency in the visible and infrared spectral range, carbon nanotube (CNT) network 
film has been explored for applications as electrodes of solar cells.103-106 However, the 
conductivity versus transparency values attained by using the films of carbon nanotubes 
are still much lower than those of ITO thin films, due to the tendency of suspended CNTs 
to form bundles. Another drawback is the high surface roughness of the CNT film, which 
may limit its further application in commercial products. In addition, CNTs are still an 
expensive material. 
 Several research groups evaluated the relationships between preparation 
conditions and the properties of graphene films.70, 68, 103, 107,108 Wang et al. found that the 
graphene films, which were fabricated via the bottom-up approach using a 
monodispersed molecular nanographene as building units, showed stronger interactions 
with the substrate than that of graphite oxide-induced film.102 Furthermore, the graphene 
films (prepared by using bottom-up approach) with thicknesses of 4, 12, and 22 nm 
exhibited transparencies of 90, 80, and 66% at a wavelength of 500 nm, respectively. 
Such transparent graphene films (TGF) were evaluated as window electrodes in organic 
solar cells, which were fabricated using a blend of poly(3-hexyl)thiophene (P3HT) and 
phenyl-C61-butyric acid methyl ester (PCBM) (Fig.1.2 a and b). The photoactive 
composite layer was sandwiched between a TGF/quartz and an Ag electrode. The TGF 
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on quartz had a sheet resistance of 18 kΩ/sq and a transmittance of 85% at a wavelength 
of 500 nm. When the devices were illuminated with a monochromatic light, the highest 
external quantum efficiency (EQE) of around 43% was achieved at a wavelength of 520 
nm (Fig.1.2 c). This efficiency is comparable to the highest EQE value of 47% for a 
reference device fabricated by replacing TGF/quartz with ITO/glass as an anode. The 
current-voltage (I-V) characteristics of the device showed a distinct diode behavior under 
monochromatic light with a wavelength of 510 nm (Fig.1.2 d). Furthermore, as shown in 
Table 1.1, one can see that, under the monochromatic light with a wavelength of 510 nm, 
the power conversion efficiency of the TGF based cell was 1.53%, which was almost the 
same as that of ITO-based cell (1.5%). However, under the illumination of the simulated 
solar light, the overall efficiency of the TGF–based cell (0.29%) was lower than that of 
the ITO-based cell (1.17%). The open-circuit voltage of the TGF–based cell was 
comparable to that of ITO based cells, indicating that the graphene has an appropriate 
work function for this type of organic solar cells. The relative low short-circuit 
photocurrent density and filling factor of the cell may be due to the high resistance of the 
as prepared graphene films.102 
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 Fig.1.2. Structure and performance of solar cell based on graphene electrodes. (a) Structure 
of the solar cell (the four layers from bottom to top are Ag, a blend of P3HT and PCBM, TGF, 
and quartz, respectively); (b) A schematic representation of charge transfer and transport as an 
energy level diagram; (c) EQEs of a TGF-based cell (solid black curve) and an ITO-based cell 
(red dashed curve); (d) I-V curves of a TGF-based cell and an ITO-based cell (inset) illuminated 
under simulated solar light (red curve) and with monochromatic light of wavelength 510 nm 
(black curve).102 (See Appendix A for permission to republish this material.) 
 
Table.1.1 Performances of the solar cells based on TGF and ITO anodes.102  
Light Anode       Jsc (mA/cm2) Voc (V) FF η (%) 
Monochromic 
light of 510 nm 
ITO     0.04 0.14 0.3 1.5 
 TGF     0.052 0.13 0.23 1.53 
Simulated solar 
light 
ITO     1.0 0.41 0.48 1.17 
 TGF     0.36 0.38 0.25 0.29 
Note: Vocopen-circuit voltage, Jscshort-circuit current density, FFfill factor, and 
ηpower conversion efficiency. 
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Chen and his co-workers examined the effects of preparation conditions and 
treatments on graphene films. They found that the thin films (~3 nm thick), which were 
fabricated by spin-coating with a low GO-concentration solution (<2 mg/mL), were 
continuous and the edges of individual sheets could be distinguished.78 In contrast, the 
thicker films (~20 nm) coated from high GO-concentration solutions (12-15 mg/mL) 
were rougher with extensive networks of long and broad wrinkles across the film surface. 
Furthermore, chemical and thermal reduction treatments showed effects on the 
morphology of GO films. The AFM images showed that, after the chemical reduction of 
~3 nm GO film via exposure to an atmosphere of hydrazine monohydrate vapor at 40 oC 
for 18 h and dried in a vacuum oven at 80 oC for 3 h, individual well-defined-sheets were 
still present and the overall roughness was comparable to that of the untreated film. It was 
found that the sheet resistance followed the order: unreduced graphene > graphene 
reduced by hydrazine vapor > graphene reduced by hydrazine plus 400 oC annealing > 
graphene graphitized at 1100 oC. Furthermore, XPS measurements showed that the 
conductivity enhancement from the film treated with hydrazine to those treated with the 
combination of hydrazine and 400 oC annealing was due to a chemical difference instead 
of the improvement of sheet contact during the annealing step. Those graphene films 
(4~7 nm thick), which had the transmittance of 85~95% and the sheet resistance of 
100~500 kΩ/sq, were evaluated as transparent conductive anodes for organic 
photovoltaic (OPV) cells.107 For a typical cell with layer structure of 35 nm CuPc/50 nm 
C60 /10nm BCP on graphene or ITO (where the graphene film was reduced by vacuum 
annealing), the short-circuit current density (JSC), open circuit voltage (VOC), fill factor 
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(FF), and power conversion efficiency (PCE) were 2.1 mA/cm2, 0.48 V, 0.34, and 0.4% 
for the cell with graphene and 2.8 mA/cm2, 0.47 V, 0.54, and 0.84% for the cell with ITO 
respectively. The lower efficiency of the graphene-based cell is mainly due to its lower 
Jsc and FF, which are associated with the high sheet resistance of the graphene film. 
 Wang et al. synthesized a large-area graphene film on Ni-coated SiO2/Si wafer 
using chemical vapor deposition (CVD) process.70 For 6~30 nm thick graphene film, the 
average sheet resistance varied from 1350 to 210 Ω/sq, which are lower than that of 
chemically fabricated graphene oxide films by a factor of 2~3. However, the transparency 
(72~91% in the visible light wavelength range) and conductivity of the CVD graphene 
are still lower than those of ITO, which had sheet resistance of 10 Ω/sq on glass (with 
almost 80% transparency) and 100-300 Ω/sq on polyethylene terephthalate. Furthermore, 
they exploited the graphene film as an anode for the organic photovoltaic device. As 
shown in Fig.1.3, the performance of photovoltaic cell was measured by using a 
simulated illumination (AM1.5G) under nitrogen atmosphere. Its open-circuit voltage 
(Voc), short-circuit current density (Jsc), and fill factor (FF) were 0.32V, 2.39 mA/cm2, 
and 27%, respectively. This indicates that the cell with the CVD graphene anode had a 
poor performance. This happened because the hydrophobic property of graphene cannot 
form the uniform coating of PEDOT/PSS. To improve the surface wettability, the 
graphene anode was modified by UV/ozone treatment, in which the aromatic rings of 
graphene can be turned into hydrophilic ones via introducing C=O groups. Indeed, after 
the UV treatment of graphene film for 10 min, they can obtain Voc of 0.55 V, Jsc of 5.56 
mA/cm2, and FF of 24.3%. As a result, its efficiency was increased to 0.74%. In this case, 
although the surface was rendered more hydrophilic by the presence of oxygenated 
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groups, the good conducting properties of graphene were compromised, due to the 
disruption of the aromatic structures caused by covalent bonding with oxygen groups. 
Therefore, noncovalent functionalization with pyrene buanoic acid succidymidyl ester 
(PBASE) was employed to modify graphene. It was found that graphene anode modified 
by self-assembled PBASE exhibited excellent performance characteristics (Voc = 0.55 V, 
Jsc = 6.05 mA/cm2, FF = 51.3%, and PCE= 1.71%). At the same condition, the 
photovoltaic performance of a reference device made with ITO anode showed Voc, Jsc, FF 
and η of 0.56 V, 9.03 mA/cm2, 61.1%, and 3.10%, respectively. This indicates that the 
solar cell with a PBASE-modified graphene anode has reached 55.2% PCE of a 
structurally identical cell with ITO anode. 
 
 
Fig.1.3. The fabricated device with structure graphene/PEDOT:PSS/P3HT:PCBM/LiF/Al.70  
(See Appendix B for permission to republish this material.) 
 
The oxidation of graphite into graphene oxide (GO) sheets could cause initial 
structural defects on the basic carbon sheets.109 Liang et al. developed a novel procedure 
using acetylene (C2H2) as a supplemental carbon source to repair the structural defects 
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within GO sheets, leading to the enhancement of graphitization of synthesized graphene 
electrodes.108 Their Raman spectra and X-ray photoelectron spectroscopy (XPS) showed 
that the graphitization degree of the reduced GO films (about 3.5 nm thick) fabricated on 
a quartz substrate was higher in acetylene (C2H2) than in inert argon. Furthermore, the 
assistance of acetylene enhanced electrical conductivity of graphene film by a factor of 
2~4 compared to argon (Fig.1.4). For the reduced GO film, which was fabricated via 
thermal treatment at 1000 oC under acetylene (C2H2) atmosphere, had a conductivity of 
up to 1425 S/cm with an optical transmittance of more than 70% at 500 nm. This value is 
significantly higher than those previously reported for graphene-based electrode 
materials.78,81 This great enhancement of conductivity confirms the improvement of the 
graphene structural quality via acetylene-assisted thermal treatment. This happened 
because acetylene can provide a carbon-rich atmosphere to mend the pristine defects in 
GO sheets. Furthermore, abundant carbons in radical form may also inhibit the loss of 
carbon atoms from the frameworks during the heat treatment to remove oxygen-
containing groups.110 
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 Fig.1.4. The conductivity of reduced GO films fabricated by spin-coating on quartz with 
thermal reduction in the temperature range of 600-1000 oC.108 (See Appendix C for 
permission to republish this material.) 
 
 The stability of electrode is important for solar cells. Zhao et al demonstrated the 
excellent stability of solar cells with graphene electrodes.111 They prepared transparent, 
conductive, and uniform graphene films as electrodes for the electrochromic devices of 
polyaniline. Polyaniline films on both graphene and the indium tin oxide (ITO) electrodes 
showed similar electrochemical and spectroelectrochemical properties. However, 
graphene electrodes exhibited much higher electrochemical stability than ITO in aqueous 
acidic electrolytes. This happened because ITO electrodes are unstable in aqueous 
electrolytes with low pH values due to the gradual dissolution of their oxide coatings. As 
shown in Table 3, in the first cycle of electrochromic test, the device with PANI-ITO 
electrode performed better than that with PANI-Graphene electrode. However, after 300 
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cycles, the performances of PANI-ITO device declined greatly, its optical contrast value 
halved, and the switching time increased from 0.6 s to longer than 7 s. In contrast, the 
performance of PANI-Graphene device was quite stable, namely, its optical contrast and 
electrochromic efficiency decreased only by 10 and 14%, respectively, and the switching 
time remained almost unchanged. For practical applications as electrochromic windows 
and displays, switching cycles of the device should be more than 104 with the switching 
time of 0.1–10 s.112 Therefore, graphene electrode is more suitable than ITO for the PANI 
electrochromic devices. 
  To evaluate the mechanical stability of graphene electrode, Tung et al. prepared 
graphene-carbon nanotube (G-CNT) hybrid electrodes by spin-coating G-CNT on 
poly(ethylene terephthalate)(PET).113 For the densest film, a resistance was as low as 44 
Ω/sq with 55% transmittance. The effect of bending a G-CNT film and a standard ITO 
film (on PET electrodes) on their current-voltage characteristics was examined (Fig.1.5). 
After bending to 60° more than 10 times, the resistance of the brittle ITO film was 
increased by a factor of 3, whereas the G-CNT electrode remained almost unchanged. 
This indicates that G-CNT hybrid electrodes have a much better mechanical stabilities 
than ITO electrodes. 
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 Fig. 1.5. Electrical measurements of G-CNT and ITO films (a) before and (b) after 10 times 
of bending by 60o.113 (See Appendix D for permission to republish this material.) 
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1.3.2 Functionalized Graphene as Hole Collecting Materials  
It was demonstrated that the introduction of Cl into singlewalled carbon nanotube 
(SWCNT) thin films resulted in p-type doping and enhanced sheet conductance.114 A 
similar property could be expected for graphene. Recently, the possibility of Cl-doped 
graphene film as hole collecting materials was explored.115 Eda et al. reported the 
preparation of transparent and conductive graphene film by vacuum filtration of graphite 
oxide to form a film, followed by hydrazine vapor reduction and low temperature 
annealing under nitrogen to reduce the resistance of the film.115 They found that the 
treatment of the film with SOCl2 reduced the resistance by a factor of 5, which occurred 
because the film obtained p-type doping with Cl of SOCl2. The obtained graphene film 
was fabricated into organic solar cells with PEDOT:PSS, poly(3-hexylthiophene) (P3HT) 
and phenyl-C61-butyric acid methyl ester as active material and aluminum as a top 
electrode. The efficiency of the device was approximately 0.1%. In contrast, the device 
fabricated with PEDOT: PSS without the Cl-doped graphene film did not work, which 
was attributed to the hole-collecting role of the Cl-doped graphene. However, no direct 
evidence was obtained to confirm such a hole collection in the Cl-doped graphene. 
 
1.3.3 Functionalized Graphene as Electron-Accepting Material 
Polymer-based organic photovoltaic (OPV) materials are being developed for a 
solution-processable, flexible, and lightweight solar energy conversion platform. In the 
conjugated polymers that have highly conjugated p-systems, an electron is excited (by 
photon absorption) from the highest occupied molecular orbital (HOMO) to the lowest 
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unoccupied molecular orbital (LUMO), resulting in a strongly bound electron-hole pair. 
The separation of the electron-hole pair can be achieved by creating a heterojunction with 
an acceptor material that has an electron affinity (EA) larger than that of the polymer, but 
still smaller than its ionization potential (IP). Furthermore, the acceptor material should 
have a lower HOMO level than the conjugated polymer so that the photoexcited 
conjugated polymer can transfer an electron to the acceptor material and retain the hole in 
its valence band.116 Two types of heterojunctions have been widely employed: bilayer 
planar heterojunction structure117 and an intermixed bulk heterojunction (BHJ) 
structure.118,119 The efficiency of the planar heterojunction device is limited by the 
exciton diffusion length and the interface area between donor and acceptor. However, 
such an exciton diffusion bottleneck can be effectively solved by applying the BHJ 
structure, in which all excitons are formed within the exciton diffusion length in an 
interpenetrating network of the donor and acceptor materials.120 Furthermore, compared 
to the planar heterojunction, the BHJ has a larger interface area, which can increase the 
efficiency of the heterojunction.121 In the recent years, various BHJ photovoltaic devices 
have been made of polymer composites,119,122–125 polymers with dyes,126–128 polymers 
with fullerenes, and small-organic-molecule composites.129–131 Furthermore, research 
efforts in solution- processed OPV materials have been dominated by using a fullerene 
derivative, [6, 6]-phenyl C61-butyric acid methyl ester (PCBM), as the electron acceptor. 
So far, the most successful OPV cells have had the BHJ structure consisting of soluble 
poly(3-hexylthiophene) (P3HT) and/or poly(3-octylthiophene) (P3OT) as a donor and 
PCBM as an acceptor.132–137 However, the power conversion efficiency of those OPV 
devices is still low compared to that of conventional inorganic devices. Therefore, new 
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materials for both donor and acceptor with better HOMO/LUMO matching, stronger light 
absorption, and higher charge mobility are much needed. This has prompted the studies 
of carbon nanomaterials as acceptors, including single- and multiwalled carbon 
nanotubes (SWNTs and MWNTs).138–142 However, some unfavorable factors, such as 
their insolubility, impurities, and bundling structure, greatly limit the performance of 
carbon nanotube-based devices. Recently, functionalized graphene has been explored as 
an electron acceptor for OPV devices. Chen and his co-workers found that the P3HT 
solution showed strong photoluminescence between 525 and 750 nm with excitation at 
422 nm. 
However, the photoluminescence was remarkably reduced after the solution-
processable functionalized graphene (SPFG) was introduced.143 These results show that 
the excited fluorophore in the P3HT backbone was quenched by the electronic 
interactions at the P3HT/SPFG interfaces. This efficient quenching of the 
photoluminescence emission indicates that SPFG can be used as an effective electron-
acceptor material for organic photovoltaic applications. Indeed, the overall performance 
of the P3HT/SPFG-based photovoltaic device was much higher than that of the control 
device based on pristine P3HT. This indicates that there was an obvious charge transfer 
from the P3HT donor to the SPFG acceptor. Under illumination, the PCE, Jsc, Voc, and FF 
were 0.005%, 0.04 mA, 0.42 V, and 0.27 for the device based on pristine P3HT and 
0.15%, 0.46 mA, 1.1 V, and 0.30 for the P3HT/SPFG-based cell, respectively. 
Furthermore, the devices with 2.5, 5, 10, and 15 wt% SPFG content had power 
conversion efficiencies of 0.09, 0.1, 0.15, and 0.13%, respectively, indicating that the 
peak efficiency was reached at 10 wt% SPFG content. The maximum values of open-
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circuit voltage (1.1 V) and fill factor (0.3) were also obtained at 10 wt% SPFG content. In 
addition, the annealing treatment at the appropriate temperature (160 °C for 10 min) 
greatly improved the device performance. However, annealing at excessive conditions, 
such as at 210 °C, resulted in a decrease of the device efficiency. P3OT/SPFG was also 
fabricated.144 It had the similar performance as a P3HT/SPFG-based photovoltaic device.  
 
1.3.4 Photocatalysts of Graphene–Semiconductor 
Very recently, Williams et al. reported that graphene oxide nanosheets of TiO2-
graphene (or ZnO–graphene) suspensions in ethanol could be reduced in a UV-assisted 
photocatalytic process,54, 145 which could occur because ethanol could scavenge the holes 
to produce ethoxy radicals, leading to the accumulation of the electrons in TiO2 particles. 
The accumulated electrons can interact with the graphene oxide sheets to reduce the 
functional groups. 
The photocatalytic methodology not only provides an on-demand UV-assisted 
reduction technique but also opens an effective way to obtain photoactive graphene-
semiconductor composites. Very recently, Akhavan et al. found that graphene–TiO2 
exhibited a higher photocatalytic activity than TiO2 alone for photoinactivation of 
bacteria under solar light irradiation.146 The bare TiO2 thin film showed weak 
antibacterial activity with a relative reduction rate of 8.6×10-3 min-1 under solar light 
irradiation. However, after the photocatalytic reduction of the annealed graphene oxide-
TiO2 thin film under UV/Vis light irradiation for 0.5 h, the antibacterial activity was 
improved by 60 %. Furthermore, the improved reduction of the graphene oxide (i.e., the 
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better conductivity of the platelets) resulted in higher photocatalytic performance of the 
TiO2 thin film. The photocatalytic reduction of the graphene oxide for 4 h improved the 
antibacterial activity of the graphene oxide/TiO2 thin film by a factor of about six 
compared to that of the annealed graphene oxide/TiO2 thin film. It is well known that the 
photocatalytic and bactericidal activities of TiO2-based materials can be enhanced by 
incorporating noble metal (nano) particles to decrease the optical band gap of TiO2 and/or 
the recombination rate of the photoexcited pairs.147–151 In the metal–semiconductor oxide 
composites, the photoexcited electrons accumulate on the incorporated metal and holes 
remain on the photocatalyst surface, leading to a reduction in recombination rate of the 
photoexcited pairs due to the improvement of charge separation between them. The 
reduced graphene oxide platelets on the surface of the TiO2 thin film could play a similar 
role as the incorporated metallic particles in TiO2-based materials. The UV/Vis 
spectrophotometry showed that the optical band gap energy of the TiO2 films was not 
significantly changed by incorporating the graphene (oxide) platelets. Therefore, the 
enhancement of the photocatalytic activity of the TiO2 film under sunlight irradiation 
would be due to the action of the reduced graphene oxide platelets as electron acceptors 
to decrease the rate of recombination of the photoexcited pairs and thus to increase the 
quantum efficiency of the photocatalytic process.145 
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1.4 Graphene for Dye-sensitized Solar Cells  
1.4.1 Transparent electrode 
Graphene is an ideal two-dimensional material as a transparent electrode for solar 
cells due to its unique properties:30,152 (1) the capability to be assembled into film 
electrode with ultra-smooth surface;81 (2) the atomic thickness to exhibit very high 
transparency in both the visible and near-infrared regions99 and (3) low cost to prepare 
graphene.76 
Very recently, Wang et al. explored a graphene film as a window electrode for 
dye-sensitized solar cells (Fig.1.6).81 The graphene film was prepared by using exfoliated 
graphite oxide as starting material, followed by film deposition and thermal reduction. 
The sheet resistance (Rs) and the calculated average conductivity of a graphene film (ca. 
10 nm thick) were 1.8 kΩ/sq and ca. 550 S/cm, respectively. When the film thickness 
was increased to 30 nm, the conductivity of graphene film increased to 727 S/cm and Rs 
decreased to 0.46 kΩ/sq. At a wavelength of 1000 nm, a ca. 10 nm thick film had a 
transmittance of 70.7%. Furthermore, its transmittance can be enhanced to over 80.0% by 
decreasing film thickness. In contrast to FTO and ITO that have strong absorptions in the 
infrared region of 0.75-3 µm, the graphene films remain transparent in this region. Those 
unique properties of the graphene films constitute an outstanding window electrode 
material for optoelectronics applicable to a wide range of wavelengths. A dye-sensitized 
solid solar cell, which was based on spiro-OMeTAD1 (as a hole transport material) and 
porous TiO2 (for electron transport) with the graphene film as transparent anode and Au 
as cathode (Fig.1.6 a and b), exhibited a short-circuit photocurrent density  
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Fig.1.6. Structure and performance of solar cell based on graphene electrodes. (a) Structure 
of dye-sensitized solar cell using graphene film as electrode (the four layers from bottom to top 
are Au, dye-sensitized heterojunction, compact TiO2, and graphene film). (b) The energy level 
diagram of graphene/TiO2/ dye/spiro-OMeTAD/Au device. (c) I-V curve of graphene-based cell 
(black) and the FTO-based cell (red), illuminated under AM solar light (1 sun).81 (See Appendix 
E for permission to republish this material.) 
 
(Jsc) of 1.01 mA/cm2 with an open-circuit voltage (Voc) of 0.7 V, calculated filling factor 
(FF) of 0.36, and overall power conversion efficiency (PCE) of 0.26% under illumination 
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of simulated solar light. When the graphene film electrode was replaced with FTO, the 
cell provided Jsc of 3.02 mA/cm2, Voc of 0.76 V, FF of 0.36, and PCE of 0.84%. 
Therefore, one can see that the Jsc and PCE of the graphene film-based cell are still 
somewhat low. This happened because of the series resistance of the device, the 
relatively lower transmittance of the electrode, and the electronic interfacial change. 
 
1.4.2 Promoter in Photoelectrode for DSSCs 
1D nanomaterials (such as carbon nanotubes), which have special charge transfer 
properties, were introduced into the electrodes of TiO2-based dye-sensitized solar cells 
(DSSCs).52,53 However, the improvement in efficiency of DSSCs was limited by the point 
of contact between nanosphere TiO2 and column-shaped 1D nanomaterials. In contrast, 
graphene, which is a 2D soft single-atomic layer, can have excellent contact with TiO2 
nanoparticles.54 In other words, nanocrystalline TiO2 can anchor on the graphene flake to 
form graphene bridges. The bridge graphene, which has excellent electrical conduction, 
can accelerate the electron transport from the conduction band (CB) of TiO2 at the anchor 
position and thus reduce the recombination of charges,55 leading to the enhancement of 
charge separation. Furthermore, graphene has a very high light transparency and can be 
assembled into film electrode with an ultra-smooth surface. These constitute an ideal 2D 
material as a transparent electrode for solar cells.  
        TiO2 nanoparticles with average particle size 15–20 nm are typically deposited as a 
porous layer on a transparent conductive oxide (TCO) during the fabrication of a 
DSSC.153,154 The rough surface of fluorine doped tin oxide (FTO) glass might short 
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circuit the cells.155 When the thick TiO2 layer is formed by the doctor blade method, the 
rough FTO surface may not be completely covered by the TiO2 particles, leading to the 
formation of some voids between the TiO2 nanoparticles and FTO glass interface.156 As a 
result, some parts of the FTO surface, which are not covered by TiO2, can directly contact 
electrolytes, leading to a decrease of Voc via the electron back-transport reaction [½FTO 
(2e-) + I3- → FTO+ 3I-]. Furthermore, the transportation of photogenerated electrons 
across the TiO2 nanoparticle network, which competes with the charge recombination, 
constitutes a major bottleneck for the development of DSSCs. To solve those issues, 
several groups incorporate graphene into TiO2 nanostructure photoanode. Kim et al. 
employed graphene–TiO2 as an interfacial layer between FTO layer and nanocrystalline 
TiO2 (NC-TiO2) film.157 They prepared graphene oxide (GO) by using Hummer’s 
method,74 followed by mixing with TiO2 colloidal suspension. The graphene oxide was 
reduced by UV radiation and then mixed with TiO2 to form a graphene-TiO2 solution, 
which was finally spin-coated over FTO glass substrate. The graphene-coated FTO was 
used as a transparent electrode for the DSSC with dye-sensitized nanocrystalline TiO2 
film as active material and Pt-coated FTO as a counter electrode. It was found that the 
influence of the graphene–TiO2 interfacial layer on the performance of the DSSCs was 
evaluated. The introduction of graphene-TiO2 interfacial layer into the DSSC increased 
the open-circuit voltage from 0.687 to 0.741 V and the photoconversion efficiency from 
4.89 to 5.26%. Those improvements were attributed to the elimination of the direct 
contact between I3- ions and FTO electrode, preventing the back-transport of electrons 
from the FTO electrode to the I3- ions (Fig.1.7).157 However, Yang et al.55 and Sun et 
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al.158 showed that the main promotion effect of graphene might be the enhancement of the 
charge transport rate, which can inhibit the charge recombination, because graphene has 
the excellent electrical conduction. Yang et al. incorporate 0.6 wt% graphene into TiO2 
nanostructure photoanode for a DSSC.147 The graphene increased short-circuit current 
density from 11.25 to 16.29 mA/cm2 (without sacrificing the open-circuit voltage) and 
the total conversion efficiency from 5.01 to 6.97%. Furthermore, the electrochemical 
impedance spectra (EIS) indicated that incorporating graphene into the TiO2 
nanocrystalline anode increased the electron transport rate to restrain the charge 
recombination. Therefore, Yang et al. proposed a mechanism about how the graphene can 
improve the efficiency of the DSSC as follows (Fig.1.8): The conduction band (CB) of 
semiconductor TiO2 receives the electrons from photoexcited dye under illumination. 
Because the TiO2 is anchored with 2D graphene that is homogeneous in the system, the 
excited electrons are captured by the graphene without any obstruction. The collected 
electrons can transport from TiO2 to the conductive substrate quickly and effectively 
through graphene bridges, suppressing the adverse reactions (recombination and back 
reaction). Sun et al. also evaluated graphene-TiO2 composite photoanodes for DSSCs.158 
They incorporated 0.5 wt% graphene in the TiO2 photoanode by using the heterogeneous 
coagulation between Nafion-coated graphene and commercial TiO2 nanoparticles, which 
ensured a tight interfacial binding between them. The DSSC based on the graphene-TiO2 
photoanode exhibited a power conversion efficiency of 4.28 %, which is higher than that 
(2.7%) without graphene. The enhanced efficiency was attributed to both the inhibition of 
charge recombination and the increase of dye adsorption. The charge recombination 
could be inhibited because Nafion-functionalized graphene was dispersed 
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homogeneously into the matrix of TiO2 to form the effective and continuous 2D 
conductive network, in which electrons could obtain very long mean free paths and 
extend the electron lifetime. The introduction of graphene resulted in surface 
morphologies with more sites for the absorption of dye molecules, which harvests more 
light and leads to more photoinduced electrons injected from excited state of dye into 
conduction band of TiO2. 
 
 
Fig.1.7. Application of graphene-TiO2 interfacial layer to prevent back-transport reaction 
of electrons.157 (See Appendix E for permission to republish this material.) 
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 Fig.1.8. Operational principle of the device: the introduced 2D graphene bridges perform as an 
electron acceptor and transfer the electrons quickly. Hence, the recombination and back reaction 
are suppressed.147 (See Appendix E for permission to republish this material.) 
 
1.4.3 Counter Electrode for DSSCs 
Dye-sensitized solar cells (DSSCs) have attracted considerable attention due to 
their low production cost and relatively high energy conversion efficiency. Counter 
electrode is an indispensable component in DSSCs, which catalyzes the reduction of I2 to 
I- after electron injection.159 Because the most commonly used Pt catalytic material is 
expensive, developing alternative materials with low cost is attracting much attention.  
Recently, Shi and his co-workers prepared stable aqueous dispersions of graphene 
sheets through non-covalent functionalization with 1-pyrenebutyrate (PB).160 The G-PB 
was spin-coated on a FTO substrate to form a graphene-modified FTO (G/FTO) as the 
counter electrode in DSSCs. For control experiments, bare FTO or platinum-coated FTO 
(Pt/FTO) was used as a counter electrode. All control experiments were performed under 
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the same conditions. The performances of the DSSCs were measured under simulated sun 
light (AM 1.5). The power conversion efficiencies were 0.048, 2.2, and 3.98% for FTO, 
G/FTO, and Pt/FTO DSSCs, respectively. This indicates that the performance of G/FTO 
DSSC is much better than that of the bare FTO DSSC, but poorer than that of the Pt/FTO 
DSSC. The relatively low efficiency of G/FTO DSSC is due to its relatively low 
conductivity (200–300 Sm-1).160 It is well known that PEDOT:PSS has a higher 
conductivity and much better film-forming ability.161,162 To take advantage of the 
PEDOT:PSS, Hong et al. fabricated the composite films of graphene and PEDOT:PSS as 
counter electrode for a DSSC by spin-coating the aqueous mixture of PB stabilized 
graphene and PEDOT:PSS on an ITO substrate at room temperature.163 The power 
conversion efficiency of the DSSC reached 4.5% upon the excitation of AM 1.5 white 
light. The performance was comparable to that of the DSSC with Pt/ITO as a counter 
electrode (6.3%), and higher than that of the cell with PEDOT:PSS as a counter electrode 
(2.3%).  
 
 
 
 
 
 
35 
 
Chapter 2 Goals and Hypotheses 
Based on the background in Chapter 1, one can see that graphene, a two-
dimensional carbon sheet, has attracted great interests due to its unique properties. To 
explore its practical applications, large-scale synthesis methods with controllable 
integration of individual graphene sheets to advanced multi-functional structures are 
essential. So far, numerous approaches have been developed for graphene synthesis, 
including mechanical cleavage, the epitaxial growth and chemical vapor deposition. All 
of those techniques are widely used to prepare flat graphene sheets on a substrate. 
Chemical oxidation and reduction of graphite is considered to be a very promising 
approach due to its low cost, easy preparation and high yield. It has been applied to 
prepare graphene oxide solutions, graphen-based composite materials and substrate-free 
graphene sheets. Besides, the development of novel graphene synthesis methods is also 
urgent.  
Chemical oxidation and reduction of graphite method includes three steps: 
oxidation of graphite, exfoliation of graphite oxide into graphene oxide, and reduction of 
graphene oxide.71,72 The oxidation of graphite produces hydrophilic graphite oxide, which 
can be easily exfoliated into graphene oxide in solvents, and further reduced to graphene 
by chemical, thermal reduction approaches. For graphite oxide, oxygen functional groups 
attach on both sides of the single layer and around the edges of the graphene structure. So 
far, however, no result has been reported about the relationship between the oxygen 
content and the structures of graphite oxides. This prompted us to investigate how the 
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oxygen content affects the functional groups, crystal structures, and surface areas of 
graphite oxides in Chapter 3.  
Graphene oxide is a promising precursor for the chemical functionalization of 
graphene and the formation of graphene based composites.164-168 For this reason, the 
investigation of graphene oxide is attracting much attention. Two reverse interactions 
exist between GO sheets: electrostatic repulsion and van der Waals attraction.169,170 The 
electrostatic repulsion keeps the separation between GO sheets and thus stabilizes the 
solution, whereas the van der Waals attraction causes the aggregation of GO sheets and 
thus destabilizes the solution. Therefore, we hypothesized that the elimination or even 
reduction of GO charges in its solution should destabilize GO solution and cause the 
aggregation of GO sheets, leading to GO precipitation. This hypothesis could allow us to 
evaluate the stability of GO solution (Chapter 4). Furthermore, it was demonstrated that 
the HCl-induced GO precipitation is a feasible approach to deposit GO on a substrate as a 
Pt-free counter electrode for a dye-sensitized solar cell, which exhibited 1.65% power 
conversion efficiency.  
To explore practical applications, large-scale synthesis with controllable 
integration of individual graphene sheets is essential. Especially, it is believed that 
developing 3D structures of graphene will further expand its significance in applications. 
We developed a novel strategy for the synthesis of graphene with 3D Honeycomb-like 
Structure via a simple reaction between Li2O and CO. In this experiment, we designed 
Li2O reacted with CO to form Li2CO3 and graphene simultaneously. The formation of 
Li2CO3 not only can isolate graphene sheets from each other to prevent graphite 
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formation during the process, but also play a role in determining the locally curved shape 
of graphene sheets. Honeycomb structured graphene could be obtained after removing 
Li2CO3 by acid washing (Chapter 5).  
For an efficient DSSC, the counter electrode (CE) is to reduce redox species in 
liquid solar cells, which are used as mediators in the regeneration of the sensitizer after 
electron injection. The ideal counter electrode material should possess the lowest possible 
sheet resistance, excellent catalytic activity for the reduction of the redox electrolyte, high 
chemical stability and a low cost. Platinum-loaded conducting glass has been widely 
employed as the standard CE for DSSCs due to its high catalytic activity and excellent 
conductivity as well as its high corrosion stability against iodine in the electrolyte.171–173 
However, the combination between the limited resource of platinum and the large 
application of platinum-based catalysts in the vehicle industry makes platinum extremely 
expensive and in diminishing supply. Therefore, it is important to explore Pt-free 
materials to replace the Pt counter electrode for DSSCs.174 Due to the excellent 
conductivity and catalytic ability of honeycomb structured graphene, we hypothesized 
that it could be an effective counter electrode in DSSCs. This hypothesis was proved and 
the results were discussed in Chapter 6.  
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Chapter 3 Effect of Oxygen Content on Structures of Graphite 
Oxides* 
3.1 Introduction 
Since experimentally demonstrated the existence of isolated graphene sheets in 
2004, the synthesis methods of graphene attract people much attention. Novoselov et al. 
fabricated single- and few-layer graphene junctions on oxidized Si substrates by 
mechanical exfoliation of highly oriented pyrolytic graphite (HOPG).30 Although this 
method is easy to apply at a low cost, it suffers the drawback of a low yield.86 The 
epitaxial growth of graphene can be carried out by heating a SiC substrate in an ultrahigh 
vacuum at a high temperature (typically greater than 1000 °C).52,53 This process can 
provide a higher yield with much fewer defects than the exfoliation method, but it cannot 
easily fabricate a large-area graphene sheet. The chemical vapor deposition (CVD)61-63,175 
method can be used to form a graphene monolayer on the surface of a metal catalyst via 
the catalytic decomposition of hydrocarbon or carbon monoxide. However, complicated 
pretreatment of metal substrates and a subsequent crucial chemical etching process limit 
its applications.108  
 
* The material contained in this chapter was previously published in Industrial & 
Engineering Chemistry Research 2011, 50(10), 6132-6137 by Hui Wang and Yun Hang 
Hu. See Appendix I for documentation of permission to republish this material.   
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The oxidation-reduction of graphite is considered a promising route to achieving 
mass production of graphene via three steps: oxidation of graphite, exfoliation of graphite 
oxide into graphene oxide, and reduction of graphene oxide.71,176 The oxidation of 
graphite produces hydrophilic graphite oxide, which can be easily exfoliated into 
graphene oxide in solvents. 
The history of graphite oxide can date back to almost 200 years ago. As early as 
1859, Brodie first explored the oxidation of graphite by introducing potassium chloride 
(KClO3) into a slurry of graphite in fuming nitric acid (HNO3).73 This approach produced 
graphite oxide with an O/C ratio of 0.46. To increase the acidity of the reactants, 
Staudenmaier modified the method via replacing nitric acid with a mixture of sulfuric 
acid and nitric acid.177 Furthermore, Hummers and his coworker developed a less 
hazardous oxidation process by reacting graphite with a mixture of potassium 
permanganate (KMnO4) and concentrated sulfuric acid (H2SO4), achieving a similar level 
of oxidation (O/C ≈ 0.5).74 Although other slightly modified processes have been 
developed, those three methods are the primary routes for the synthesis of graphite oxide. 
Because graphite oxide is considered to be an important precursor to prepare graphene 
oxide and graphene, the investigation of graphite oxide is necessary. 
The oxidation process breaks the π-π conjunction in the original graphite structure 
to form graphite oxide. Lerf and co-workers178,179 proposed the most popular structural 
model to describe the chemical structure of graphite oxide, namely, the single layer of 
graphite oxide is viewed as oxygen functional groups on both sides of the single layer 
and around the edges of the graphene structure. NMR measurements prove that this 
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model can best describe the structure of graphite oxide.180 So far, however, no result has 
been reported about the relationship between the oxygen content and the structures of 
graphite oxides. This prompted us to investigate how the oxygen content affects the 
functional groups, crystal structures, and surface areas of graphite oxides in this work.  
3.2 Experimental  
3.2.1 Sample preparation  
Graphite oxide was prepared from graphite powders (Sigma-Aldrich) via the 
modified Hummers method,71,181 described as follows: potassium permanganate (3 g) was 
slowly added into the mixture of graphite (0.5 g), sodiumnitrate (0.5 g), and sulfuric acid 
(25 mL) at room temperature, followed by heating to 35 ºC with a water-bath and then 
stirring at 35 ºC for a selected oxidation time (10 min, 30min, 1 h, 1.5 h, 2 h, or 5 h) to 
form a thick paste. Deionized water (40 mL) was added into the thick paste with stirring, 
followed by heating to 90 ºC over 30 min, then adding more deionized water (100 mL), 
and finally gradually adding 3 mL of H2O2 (30%). The obtained sample was filtered and 
washed with 100 mL of deionized water. The filter sediment was dispersed in deionized 
water again, followed by ultrasonic treatment for 5 min and then centrifugal treatment to 
separate the solid from the water. The obtained solid sample of graphite oxide was dried 
in a vacuum furnace at 50 ºC. 
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3.2.2 Characterization 
X-Ray Diffraction (XRD): Crystal structures of graphite and graphite oxides 
were determined by using a Scintag XDS 2000 powder diffractometer with Cu Kα (λ 
=1.5406 Å) radiation at a scan speed of 1°/min and a step size of 0.03° in the range of 5°≤ 
2θ ≤ 70°. 
 
Fig.3.1. Scintag XDS2000 Powder Diffractometer. 
 
42 
 
Thermal Gravimetric Analysis (TGA): TGA was carried out for graphite oxide 
powders in a nitrogen atmosphere (100 mL/min) at a constant rate of 10 ºC/min, using 
SDT Q600 equipment. 
 
Fig.3.2. SDT Q600 Thermogravimetric Analyzer. 
 
Raman Spectroscopy: Raman spectra of graphite oxides were obtained by using 
an Olympus BX41 spectrometer with a helium-neon laser to excite the samples.  
 
Fig.3.3. Jobin-Yvon LabRAM HR800 Raman Spectrometer. 
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BET Surface Area Measurements: Nitrogen adsorption at liquid nitrogen 
temperature (77 K) was used to measure surface areas of pristine graphite and graphite 
oxide with a Micromeritics ASAP 2000 sorptometer. Before the adsorption measurement, 
samples were degassed at 105 °C to remove water, and the surface area values were 
calculated by the BET model.182 
 
 
Fig.3.4. Micromeritics ASAP 2000 Sorptometer. 
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Fourier Transform Infrared Spectroscopy (FTIR): FTIR measurements for 
graphite oxides were carried out by using an FT/IR-4200 spectrometer (Perkin-Elmer 
Spectrum). 
 
Fig.3.5. Fourier Transformed Infrared (FTIR) Spectrometer. 
 
Temperature-Programmed Decomposition-Mass Spectrum (TPD-MS): TPD-
MS analysis was carried out for graphite oxides from 25 to 625 °C at a rate of 10 °C per 
min, and the gas products were continuously analyzed with an online Hewlett-Packard 
5970 series mass selective detector. 
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Fig.3.6. Hewlett-Packard 5970 Series Mass Selective Detector. 
 
Field Emission Scanning Electron Microscopy (SEM): Graphite and graphite 
oxides were imaged with a Hitachi S-4700 FE-SEM, using an accelerating voltage of 1.5 
kV at a working distance of 1.5-1.6 mm.  
 
Fig.3.7. Hitachi S-4700 FE-SEM. 
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Transmission Electron Microscopy (TEM): The morphology of graphite oxide 
was also analyzed with a JEM-4000FX TEM at a 200 kV voltage. 
 
Fig.3.8. JEOL JEM-4000FX TEM. 
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3.3 Results and Discussion  
Changing the reaction time for the oxidation of graphite was employed to tune the 
oxygen content of graphite oxide. The obtained graphite oxide samples were first 
subjected to FTIR measurements. As shown in Fig.3.9, one can see the following 
absorption bands: a broad and intense band at 3400-3600 cm-1 that can be assigned to O-
H stretching vibrations, a band at 1760 cm-1 due to the C=O stretching vibration, and the 
bands at 1450 cm-1 and 1230 cm-1 corresponding to stretching vibrations of the C-O bond 
and epoxy C-O-C bond, respectively.160, 183-185 Furthermore, there is an additional band 
located at 1630 cm-1, which can be attributed to the unoxidized graphitic domain.186 
Those indicate that the functional groups of graphite oxides are carboxyl, epoxy, and 
hydroxyl groups.164 When the oxidation time of graphite increased from 10 min to 5 h, 
the positions of FTIR bands remained unchanged, indicating that the types of functional 
groups are independent of oxidation time. 
 
Fig.3.9. FTIR spectra of graphite oxides prepared with various oxidation times. 
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However, as shown by TGA curves (Fig.3.10), the total number of functional 
groups is dependent on the oxidation time. Fig.3.10 shows that all curves can be divided 
into three regions: below 100 °C, 100-240 °C, and 240-600 °C. Furthermore, one can see 
that the most functional groups were removed at temperatures below 240 °C, which is 
consistent with previous reports.76,78,84,187 In addition, the total weight losses were 46, 56, 
69, and 74% for the samples prepared with oxidation times of 10 min, 30 min, 1 h, and 
1.5 h, respectively. This indicates that the total amount of functional groups increases 
with increasing the oxidation time of graphite from 10 min to 1.5 h. However, graphite 
oxides prepared with oxidation times longer than 1.5 h have the same weight loss as that 
with 1.5 h, indicating that the oxidation of graphite reached its saturation in 1.5 h.  
 
Fig.3.10. TGA curves of graphite oxides prepared with various oxidation times. 
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We further employed TPD-MS to evaluate the thermal decomposition of graphite 
oxides. As shown in Fig.3.11, one can observe the intense evolution of CO and CO2 in 
the temperature range of 180-250 °C, corresponding to a large weight loss in the TGA 
curves. Two H2O peaks occurred: one at 100 °C and another at temperatures above 
200 °C. The former one can be attributed to the desorption of adsorbed water, whereas 
the later one should be associated with decomposition of the functional groups. However, 
besides those products, a small amount of HC(OH)3 can also be observed between 200 
and 300 °C in our TPD-MS spectrum (Fig.3.11). Furthermore, the ratios of oxygen to 
carbon (O/C ratios) were calculated from the above TGA and TPD-MS measurements 
with a small relative error less than 0.1%. Fig.3.12 shows that the oxygen content 
increased to 0.47 with increasing the oxidation time from10 to 90 min and then remained 
unchanged. This indicates that the oxygen content reaches a saturated level (O/C = 0.47) 
in 90 min. 
 
Fig.3.11. TPD-MS spectrum of graphite oxide (2 h). 
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Fig.3.12. Variation of the oxygen content of graphite oxide with the oxidation time of 
preparation. 
 
The crystalline structures of pristine graphite and graphite oxides were evaluated 
by XRD. As shown in Fig.3.13, one can see that pristine graphite exhibits a high 
crystalline degree with a strong and sharp diffraction peak at 2θ = 26.6°, which 
corresponds to the diffraction of the (002) plane with an interplanar distance of 3.36 Å. In 
contrast, the crystalline degrees of graphite oxides are very low with a small broad-
diffraction peak, which can be attributed to a preserved graphene-like honeycomb lattice 
in graphite oxides.166,188 This means that the oxidation of graphite led to the shift of the 
diffraction peak position from 26.6° to 12.1-11.2°, corresponding to the increase in the 
interplanar distance from 3.36 Å to 7.31-7.91 Å. This happened because oxygen 
functional groups were attached to both sides of the single graphene layer during its 
oxidation.179, 189-191 
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Fig.3.13. XRD patterns of graphite oxides prepared with various oxidation times. 
 
The disrupted layer structures of graphite oxides were further supported by FE-
SEM images (Fig.3.14 a and b). Graphite shows its flat surface with many small and 
dispersed flakes and an ordered layer structure. In contrast, graphite oxide exhibits 
randomly crumpled layer structures, indicating that the ordered layer structure in pristine 
graphite has been disrupted due to its oxidation. In addition, the exfoliation of graphite 
oxide can be clearly observed from TEM image (Fig.3.14 c).  
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Fig.3.14. FE-SEM images of graphite (a) and graphite oxidized for 2 h (b) and TEM image 
of graphite oxide for 2 h (c). 
 
Furthermore, we correlated interplanar distances of graphite oxides with their O/C 
ratios, generating a linear relationship (Fig.3.15), which can be expressed by the 
following linear equation: 
9787.66959.1 += OCd      (1) 
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where d and C0 are interplanar distance (Å) and O/C ratio, respectively. This indicates 
that the expansion is linearly proportional to the oxygen content of graphite oxide. 
Furthermore, this equation can allow one to predict the interplanar distance from its O/C 
ratio. 
 
Fig.3.15. Relationship between the interplanar distance and oxygen content of graphite 
oxides. 
 
The effect of oxygen content on surface areas of graphite oxides was also 
evaluated by nitrogen adsorption. If all carbon atoms are considered surface atoms, the 
theoretic surface area of graphite should be 2630 m2/g.192 However, most atoms in 
graphite are not surface ones, because the interplanar space is too small to allow gas 
molecules to enter into the space. Indeed, as shown in Fig.3.16, one can see that the 
pristine graphite has a very low BET surface area of 6 m2/g. In contrast, graphite oxides 
have much larger BET surface areas than pristine graphite, because oxygen groups 
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expanded the interplanar space, which is large enough for nitrogen molecules to enter 
inside for N2 adsprotion. Furthermore, the surface areas linearly increased to 295 m2/g 
with increasing O/C ratios as follows: 
664.586 += OCS                                   (2) 
where S and C0 are the BET surface area and O/C ratio of graphite oxides, respectively. 
Therefore, one can exploit the equation to estimate the surface area of a graphite oxide 
from its oxygen content. 
 
Fig.3.16. Relationship between BET surface areas of graphite oxides and their oxygen 
contents. 
 
 
Raman spectroscopy is an effective tool for the characterization of carbon 
materials, which have two characteristic absorption bands, the G band and D band at 
around 1580 and 1350 cm-1, respectively. The G band is associated with bond stretching 
of the sp2 carbon pairs in both rings and chains, while the D band is due to the breathing 
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mode of aromatic rings with dangling bonds in plane terminations.193-195 Furthermore, the 
intensity ratio of the D band to the G band is usually employed to determine the disorder 
degree of structure for carbon materials.196 As shown in Fig.3.17, one can observe a weak 
and broad D band with a sharp and strong G peak for pristine graphite, indicating a 
stacked layer structure. After oxidation, the D-band intensity increased and became 
comparable to that of the G band. The increase of the D band was due to the presence of 
functional groups on the planar carbon backbones.78,189 The D/G intensity ratio of 
graphite oxide is 6 times larger than that of pristine graphite, which is consistent with 
other reports.78,109,186 However, as shown in Fig.3.18, the intensity ratio of D/G did not 
increase with an increasing O/C ratio. This indicates that the stacked layer structure of 
graphite can be easily disordered even by partial oxidation. 
 
Fig.3.17. Raman spectra of pristine graphite and graphite oxides prepared with various 
oxidation times (as marked in the figure). 
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Fig.3.18. The relationship between intensity ratios of Raman D to G bands of graphite 
oxides and their oxygen contents. 
 
3.4 Conclusion 
The oxygen content of graphite oxide can be tuned by changing the oxidation 
time via a modified Hummers approach. There are three types of functional groups in 
graphite oxides (epoxy, carboxyl, and hydroxyl groups), which are independent of the 
oxidation time. However, the content of oxygen-containing functional groups increased 
with increasing the oxidation time and reached a saturated level (O/C = 0.47) in 1.5 h. 
Furthermore, the interplanar spaces and BET surface areas of graphite oxides linearly 
increased with increasing oxygen content. However, the ratio of the D band to the G band 
in Raman spectroscopy, which is associated with the disorder of the carbon backbone, 
remained unchanged with increasing oxygen content.  
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Chapter 4 Electrolyte-induced Precipitation of Graphene 
Oxide in Its Aqueous Solution* 
4.1 Introduction 
Graphene oxide (GO) is a promising precursor to synthesize graphene sheets at 
high yield with low cost.197-200 Unlike hydrophobic graphene, GO is hydrophilic and able 
to form a solution with water. The aqueous solution of GO is promising for many 
applications, such as GO films and graphene films,77,201,202 which are ideal candidates as 
sensors,203,204 field effect transistors,205 and transparent electrodes.81 The GO solution can 
also be exploited to prepare high-quality graphene-based composites.206-209 Furthermore, 
the GO solution was successfully employed to fabricate free-standing graphene and GO 
papers.47,160,210 For this reason, the investigation of graphite oxide and graphene oxide is 
attracting much attention.  
Graphene oxide (GO) possesses a unique 2D structure—two abruptly different 
length scales: atomic thickness and the lateral dimension of up to tens of micrometers. 
Due to this special structure, the stability of aqueous GO solution might be different with 
other typical solutions.  
 
*The material contained in this chapter was previously published in Journal of Colloid 
and Interface Science, 2013, 391, 21-27 by Hui Wang and Yun Hang Hu. See Appendix J 
for documentation of permission to republish this material.   
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It was known that there are two reverse interactions between GO sheets: 
electrostatic repulsion and van der Waals attraction,169,170 namely, GO solution exhibits 
Derjaguin–Landao–Verway–Overbeek (DLVO) type behavior.214 While the electrostatic 
repulsion keeps the separation between GO sheets and thus stabilizes the solution, the van 
der Waals attraction causes the aggregation of GO sheets and thus destabilizes the 
solution. Therefore, the elimination or even reduction of GO charges in its solution 
should destabilize GO solution and cause the aggregation of GO sheets, leading to GO 
precipitation. This hypothesis could allow us to evaluate the stability of GO solution. In 
this work, to test this hypothesis, we introduced strong electrolytes (acid, base, and salt) 
into GO solution to examine the effect of charges on the stability of GO solution.  
4.2 Experimental  
4.2.1 Sample preparation 
Graphite oxide was prepared from graphite powders (Sigma–Aldrich) via the 
modified Hummers method,74 which was described in section 3.2. In this case, graphite 
was treated for 5 h to achieve full oxidation. The oxidation product was re-dissolved in 
de-ionized water (DW), followed by ultrasonic treatment (for 24 h) to achieve full 
exfoliation from graphite oxide to graphene oxide (GO). After deposition and 
stabilization for 72 h, the upper supernatant was separated carefully from the bottom 
sediment to obtain the yellow–brown transparent GO solution. Furthermore, the solution 
was further subjected to a high-speed centrifugation at 3600 rpm to remove some GO 
pieces, generating the final stable GO solution, with a concentration of about 0.5 mg/ml. 
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To evaluate the effect of a strong electrolyte on the stabilization of GO solution, 
2.5 ml of GO solution was added into the vials containing 0.5 ml aqueous solutions of 
HCl, LiCl, and LiOH (2.4 M concentration), respectively. The concentration of HCl 
(LiCl or LiOH) in the obtained solution is 0.4 M. Those three vials were shaked by a 
hand for 20 s to obtain homogeneous liquid and then remained immobile for the 
observation of color change and the precipitation of the GO with time. The precipitation 
process was monitored by digital camera. The same procedure was also employed to 
evaluate: (a) the concentration effect of HCl (LiCl or LiOH) on GO precipitation, and (b) 
the effect of other salts (LiBr, KCl, and KBr) on GO precipitation. 
4.2.2 Fabrication of DSSCs 
FTO (fluorine doped tin oxide) glass plates were immersed in 40 mM TiCl4 
solution at 70 °C for 30 min and then coated by TiO2 film by a doctor blade printing 
method as a photoelectrode. The photoelectrode was heated at 325, 375, 450, and 500 °C 
for 5, 5, 15, and 15 min, respectively. After that, the TiO2 photoelectrode was treated 
again with TiCl4 at 70 °C for 30 min and sintered at 500 °C for 30 min. Dye sensitization 
was carried out by immersing TiO2 photoelectrodes in an ethanol solution of 0.3 mM 
N719 dye. Counter electrodes were prepared by depositing GO sheets via the 
precipitation (induced by HCl, LiCl, or LiOH) on a FTO glass plate, followed by heating 
at 400 °C for 20 min.  
The dye absorbed TiO2 electrode and the GO aggregation-based counter electrode 
were assembled into a sandwich-type cell with electrolyte between electrodes. The 
electrolyte consists of 0.025 M LiI, 0.04 M I2, 0.28 M tert-butyl pyridine (TBP), 0.6 M 1-
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butyl-3-methylimidazolium iodide (BMII), and 0.05 M guanidinium thiocyanate in 
acetonitrile/valeronitrile with 85/15 volume ratio. Photocurrent–voltage (I–V) 
measurements were performed using a Keithley model 2400 measurement unit. The light 
source (AM 1.5 solar illumination, 100 mW/cm2) was generated by a Newport solar 
simulator equipped with 1.5 G Air mass filter. 
4.2.3 Characterization 
Transmission Electron Microscopy (TEM): The morphologies of GO and the 
GO aggregations by HCl, LiCl, and LiOH were observed using a JEM-4000FX TEM at a 
200 kV voltage. 
Raman Spectroscopy: Raman spectra of GO and its aggregations were obtained 
using an Olympus BX41 spectrometer. 
Fourier Transform Infrared Spectroscopy (FTIR): The functional groups of 
GO and its aggregations were evaluated by FT/IR-4200 spectrometer. (Perkin-Elmer 
Spectrum One). 
Ultraviolet-visible spectroscopy: The UV–visible absorption of GO solution, top 
supernatants after the precipitation, and GO precipitates were carried out by UV–Vis 
spectrophotometer (UV 2450 Shimadzu). 
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Fig.4.1. Shimadzu UV-2450 Spectrometer. 
 
Photocurrent−voltage (I−V) measurements: I−V curves were performed using 
a Keithley Model 2400 measurement unit. The light source (AM 1.5 solar illumination, 
100 mW/cm2) was generated by a Newport solar simulator equipped with a 1.5G air mass 
filter. 
 
Fig.4.2. Newport Sunlight Simulator and Keithley 2400 Multi-meter. 
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4.3 Results and discussion 
4.3.1. Electrolyte-induced GO precipitation 
As shown in Fig.4.3, one can see that the precipitation of yellow GO in HCl–GO 
and LiCl–GO solutions began after 2 h. Furthermore, the precipitation finished in 72 h. 
As a result, the initially transparent yellow–brown GO solution separated to two parts: a 
colorless top supernatant and a brown precipitate at bottom. Those observations 
demonstrate that HCl and LiCl electrolytes destabilized the GO solution, leading to the 
aggregation of GO sheets. Furthermore, the mixing of LiOH and GO solutions 
immediately caused a color change of GO solution from yellow–brown to dark-brown 
(Fig.4.3a). The precipitation of GO started after 10 min, which is much shorter than that 
(2 h) in HCl–GO and LiCl–GO solutions. The color of final GO precipitate at bottom was 
black in LiOH–GO solution. 
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 Fig.4.3. Precipitation in aqueous solutions of GO, 0.4 M LiCl–GO, 0.4 M HCl–GO, and 0.4 
M LiOH–GO (from left to right) after (a) 0 min, (b) 10 min, (c) 2 h, (d) 24 h, (e) 48 h, and (f) 
72 h. 
 
To examine the effect of electrolyte concentration on the stability of the GO 
solution, the GO precipitation of 0.1, 0.2, 0.6, and 0.8 M HCl (LiOH, or LiCl)–GO 
solutions were also evaluated. The same precipitation was observed for those HCl- and 
LiCl-added solutions as for 0.4 M HCl (LiCl)-added GO solutions (Fig.4.4 and Fig.4.5). 
However, when the GO solution was combined with a low concentration of LiOH (0.1 
M), homogeneous black suspension was obtained instead of GO precipitation (Fig.4.6). 
This indicates that the precipitation of GO in a LiOH–GO solution is dependent on the 
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concentration of LiOH. In addition, the precipitation of GO from its aqueous solution 
could also be caused by adding KCl, KBr, or LiBr (Fig.4.6), suggesting a common salt 
effect on the destabilization of the GO solution. 
 
Fig.4.4. Precipitation of LiCl-GO solutions with different concentrations of LiCl (0, 0.1, 0.2, 
0.4, 0.6, and 0.8 M, from left to right) after (a) 0 min, (b) 10 min, (c) 2 hr, (d) 24 hr, (e) 48 hr 
and (f) 72 hr. 
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Fig.4.5. Precipitation of HCl-GO solutions with different concentrations of HCl (0, 0.1, 0.2, 
0.4, 0.6, and 0.8 M, from left to right) after (a) 0 min, (b) 10 min, (c) 2 hr, (d) 24 hr, (e) 48 hr 
and (f) 72 hr.  
 
Fig. 4.6. Precipitation of LiOH-GO solutions with different concentrations of LiOH (0, 0.1, 
0.2, 0.4, 0.6, and 0.8 M, from left to right) after (a) 0 min, (b) 10 min, (c) 2 hr, (d) 24 hr, (e) 
48 hr, and (f) 72 hr. 
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 Fig.4.7. Precipitation in aqueous solutions of GO, 0.4 M KCl-GO, 0.4 M KBr-GO, and 0.4 
M LiBr (from left to right) after (a) 0 min, (b) 2 hr, (c) 24 hr, and (d) 72 hr. 
 
The precipitation phenomenon can be further confirmed by UV–visible spectra of 
GO solution and colorless top supernatants after introducing HCl, LiCl, and LiOH. As 
shown in Fig. 4.8a, the pure GO solution has a strong absorbance with a maximum peak 
at 231 nm and a shoulder at about 300 nm. The peak and the shoulder can be attributed to 
the π→π* transition of aromatic C-C bonds and the n→π* transition of C=O bonds, 
respectively.212,213 In contrast, no absorption peak corresponding to GO sheets can be 
observed in the UV–visible spectra of top supernatants in three cases (Fig.4.8 b–d), 
indicating that all GO sheets in aqueous solution precipitated. Similar phenomenon 
happened when LiCl, HCl, and LiOH concentrations were varied. UV–visible spectra of 
top supernatants in three electrolyte cases were shown in Figs.4.9-11. 
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 Fig.4.8. UV–vis absorption spectra of (a) GO solution, (b) top supernatant of 0.4 M LiCl–
GO solution after precipitation, (c) top supernatant of 0.4 M HCl–GO solution after 
precipitation, and (d) top supernatant of 0.4 M LiOH–GO after precipitation. 
 
Fig.4.9. UV-vis absorption spectra of GO solution (a) and top supernatants (after 
precipitation) of LiCl-GO solutions with various LiCl concentrations: (b) 0.1 M, (c) 0.2 M, 
(d) 0.4 M, (e) 0.6 M, and (f) 0.8 M. 
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 Fig.4.10. UV-vis absorption spectra of GO solution (a) and top supernatants (after 
precipitation) of HCl-GO solutions with various concentrations of HCl: (b) 0.1 M, (c) 0.2 M,  
(d) 0.4 M, (e) 0.6 M, and (f) 0.8 M. 
 
 Fig.4.11. UV-vis absorption spectra of GO solution (a) and top supernatants (after 
precipitation) of LiOH-GO solutions with various concentrations of LiOH: (b) 0.1 M, (c) 0.2 
M, (d) 0.4 M, (e) 0.6 M, and (f) 0.8 M. 
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It is well known that, when dispersed in water, GO sheets are highly negatively 
charged due to ionizable carboxylic acid groups (COOH).194,197 The negative charges of 
GO sheets generate repulsive electrostatic interaction between the sheets, which is larger 
than van der Waals attractive force to prevent the aggregation of GO sheets. Furthermore, 
the ionization of the carboxylic acid groups could lead to the acidity of GO solution (pH 
= 6.4), indicating that GO solution is a kind of weak acid. Therefore, GO actually can be 
represented as GOHx and an equilibrium exits in aqueous GO solution as follows: 
+− +→ xHGOGOH XX ][   (1) 
HCl is a strong acid. When it is introduced into aqueous GO solution, HCl totally 
dissociates into H+ and Cl- ions. This means that the H+ ions from HCl can neutralize the 
negative charge of GO sheets back to GOHx, leading to the disappearance of the 
repulsive electrostatic interaction between GO sheets. As a result, the attractive van der 
Waals interaction could cause the aggregation of GO sheets. Furthermore, GO lateral 
dimension of up to tens micrometers further enhances the van der Waals attraction 
between GO sheets, because the van der Waals interaction between two planes are much 
larger than two particles at the same distance.214 This explains our above observation, in 
which HCl caused GO precipitation (Fig.4.3). When LiCl is added to aqueous GO 
solution, this strong electrolyte dissociates into Li+ and Cl- ions in water. The Li+ ions 
could neutralize the negative charges of GO sheets to form GOLix (Eq. 2). As a result, the 
attractive van der Waals interaction could cause the aggregation of GO sheets. In the case 
of LiOH–GO solution, the neutralization reaction between OH- and H+ ions results in the 
equilibrium (Eq.1) shifting from left to right, which could generate more charges on GO 
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sheets. However, the original and generated negative charges of GO sheets can quickly 
be neutralized by Li+ ions from LiOH to form GOLix (Eq. 2), resulting in the elimination 
of GO charges and thus the aggregation of GO sheets. Therefore, the precipitation of GO 
sheets in aqueous solution (due to the introduction of HCl acid, LiOH base, or LiCl salt) 
can be explained by the neutralization of charge. In other words, electrostatic repulsion 
plays the most important role in keeping the stability of aqueous GO solutions.  
x
x GOLixLiGO →+ +−][         (2)  
It would be noted that the effect of a base on the aqueous GO solution may be 
more complicated. Fan et al. found that a strong base (NaOH or KOH) caused the color 
change of aqueous GO solution.215 They attributed the color change to the deoxygenation 
of GO in a strong base. Furthermore, Rourke et al. found that, at high concentration of 
NaOH, the initial transparent brown suspension of GO separated into a black aggregation 
and a colorless supernatant solution.216 This aggregation of GO was attributed to the 
elimination of highly oxidative GO debris (adhered to large GO sheets as an effective 
surfactant) by NaOH. Therefore, a strong base may affect aqueous GO solution via 
neutralizing charges, deoxygenating, and removing highly oxidative GO debris. That will 
be further evaluated in the following sections. 
It was demonstrated that the high concentration of ions from a strong electrolyte 
could screen the repulsive force between nanosheets.217-219 The Debye length, which 
characterizes the distance for the appearance of significant charge separation, is inversely 
proportional to ion concentrations in the solution.220 The addition of strong electrolytes 
(LiCl, HCl, and LiOH) to GO solution decreased the Debye length and increased the 
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screening of repulsive electrostatic forces. This would also contribute to the 
electrolyteinduced aggregation of GO sheets.  
4.3.2. Characterization of GO precipitates 
The UV–visible spectra of GO precipitates in three cases (HCl–GO, LiCl–GO, 
and LiOH–GO) were obtained and shown in Fig.4.12. In contrast with top supernatants, 
GO aggregations in three cases all showed strong absorbance in a large range of 200–800 
nm. The UV–vis spectra of the precipitates obtained from acid and salt cases exhibited 
GO characteristic feature—a maximum peak at 231 nm and a weak shoulder at 300 nm. 
However, the precipitates from GO–LiOH solution showed different feature of UV–vis 
absorbance, namely, there is enhanced absorbance in 300–800 nm without the maximum 
peak at 231 nm. This indicates that GO sheets have been partially reduced (or 
deoxygenated) by LiOH. 
 
Fig.4.12. Uv–Vis absorption spectra of GO precipitates from (a) 0.4 M LiCl–GO solution,  
(b) 0.4 M HCl–GO solution, and (c) 0.4 M LiOH–GO solution. 
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Transmission electron microscopy (TEM) was employed to evaluate the 
morphologies of GO sheets. As shown in Fig.4.13a, a large GO sheet from the GO 
solution is observed. The GO sheet is not perfectly flat, but displays intrinsic wrinkles 
and corrugations that are common for GO sheets prepared by chemical exfoliation 
method.221,222 Those winkles and folded GO sheet are formed to minimize the system 
energy of two dimensional membrane structures.223 Furthermore, TEM images showed 
that GO sheets were aggregated together in the precipitates formed by introducing HCl, 
LiCl, or LiOH into GO solution (Fig.4.13 b-d). This further supports that the 
neutralization of GO charges caused the GO aggregation in the aqueous GO solution. In 
addition, a large amount of small pieces were observed in the GO precipitates due to the 
addition of HCl and LiCl, but not in LiOH-induced precipitates. Rourke et al. 
demonstrated that the graphene oxide (prepared via graphite oxidation) contains a 
remarkable amount of small pieces, which are highly oxidative GO debris (such as 
C19H15O6 and C18H15O9).216 They found that the debris, which is colorless in its aqueous 
solution, could dissolve in a strongly basic NaOH solution. Therefore, the small pieces in 
HCl- and LiCl-induced GO precipitates should be highly oxidative GO debris. No debris 
occurred in LiOH-induced GO precipitates because the debris is soluble in aqueous 
solution of LiOH. Furthermore, no debris was observed in the GO sheets from its 
aqueous solution without any electrolyte, indicating that the debris also possesses a high 
solubility in water. However, the oxidative GO debris is insoluble in an acidic or salt 
aqueous solution. 
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Fig.4.13. TEM images of (a) GO sheets from GO solution, (b) LiCl-induced GO precipitate, 
(c) HCl-induced GO precipitate, and (d) LiOH-induced GO precipitate (Note: Straps in a, c 
and d are the image of sample holder). 
 
Raman spectroscopy was exploited to characterize the structure of the GO 
aggregations. It is well-known that two characteristic absorption bands are present in the 
Raman spectra of carbon materials: the G band at around 1580 cm-1 corresponding to the 
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bondstretching of sp2 carbon pairs and the D band at around 1330 cm-1 associated with 
the breathing mode of aromatic rings with dangling bonds in plane terminations.88,224 As 
shown in Fig.4.14a, one can see both G and D bands for GO sample. The intense D bands 
can be attributed to the presence of defects due to oxygenizing functional groups. This is 
consistent with reported observations.189,195 Furthermore, both G and D bands can also be 
observed for HCl- and LiOH-induced GO precipitates (Fig.4.14 b and c), which should 
be due to oxygen-containing functional groups (see FTIR spectra in the following 
paragraph). The ratio of the D band intensity (ID) to the G band one (IG) is usually 
employed to evaluate the size of the in-plane sp2 domains for carbon materials.224 We 
calculated the ID/IG ratios, which are 1.15, 1.04, and 1.01 for original GO sheets, HCl-
induced GO precipitates and LiOH-induced GO precipitates, respectively. The ID/IG ratio 
of original GO sheets is larger than those of HCl- and LiOH-induced precipitates, 
indicating that the average size of the sp2 domains in the GO precipitates increased due to 
stacking GO sheets. 
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 Fig.4.14. Raman spectra of (a) GO sheets from GO solution, (b) HCl-induced GO 
precipitate, and (c) LiOH-induced GO precipitate. 
 
Functional groups in GO aggregations were evaluated by FTIR (Fig.4.15). As 
shown in Fig.4.15a, one can observe a wide and broad peak at 3400 cm-1 attributed to O-
H stretching vibrations, two peaks associated with the C=O and C-O stretching vibrations 
of carboxyl group at 1720 and 1400 cm-1, a peak due to stretching vibration of C-O of 
epoxy group at 1100 cm-1, and one corresponding to C=C stretching vibration of 
unoxidized aromatic C=C bonds at 1620 cm-1.226,227 The C-O-H bending vibrations of GO 
hydroxyl groups (C-OH) can also contribute to the peak at 1400 cm-1.228,229 Therefore, the 
GO sheets contain three functional groups: carboxyl, epoxy, and hydroxyl groups. After 
introducing HCl into the GO solution, the obtained GO precipitate exhibited similar FTIR 
absorption with that of original GO (Fig.4.15 a and b). This indicates that the HCl-
induced GO precipitate possesses the same types of functional groups as original GO. 
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However, the IR spectrum of LiOH-induced GO precipitate exhibits intense absorption 
peaks at 3400 cm-1, 1620 cm-1, and 1400 cm-1. The strong peak at 3400 cm-1 can be 
attributed to the O-H stretching vibration of hydroxyl groups of LiOH and GO. Another 
strong peak at 1400 cm-1 should be the C-O-H bending vibration of GO hydroxyl groups 
(C-OH). The disappearance of absorption band at 1720 cm-1, which is associated with the 
C=O stretching vibration of carboxyl group, indicates the partial reduction of GO by 
LiOH. This partial reduction could be further supported by the increased intensity of 
absorption band at 1620 cm-1, which corresponds to aromatic C=C stretching vibration. 
This is consistent with the above UV–visible observation. It is worth to note that a 
reliable Raman and FTIR spectra could not be obtained for LiCl-induced GO precipitate 
due to its strong absorption of H2O from air during measurements. 
 
Fig.4.15. FTIR spectra of (a) GO sheets from GO solution, (b) HCl-induced GO precipitate, 
and (c) LiOH-induced GO precipitate. 
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4.3.3 Application of GO precipitation for DSSCs 
The dye-sensitized solar cell (DSSC) is a representative of the third generation 
photovoltaic devices.21-24 Platinum-loaded conducting glass has been widely exploited as 
counter electrodes (CEs) for DSSCs. However, the high cost and the rare source of 
platinum would limit its practical DSSC application. This promoted an interest to develop 
carbon-based counter electrode catalysts for DSSCs.230,231 It would be important to find 
an effective method for coating carbon material on a substrate as counter electrode 
catalyst. For this reason, we explored the possibility of electrolyte-induced GO 
precipitation to prepare GO-based counter electrodes. Three DSSC counter electrodes 
were fabricated by depositing GO on FTO glass plates via HCl-, LiCl-, and LiOH-
induced precipitation, respectively. The deposited GO layers were thermally treated at 
400 °C, leading to the thermal reduction of GO to graphene. The performance test results 
of those DSSCs are listed in Table 4.1. The DSSC with HCl-induced GO precipitate as a 
counter electrode exhibited the power conversion efficiency of 1.65%, whereas the power 
conversion efficiencies of other two DSSCs (with LiCl- and LiOH-induced GO 
precipitates as counter electrodes) are negligible. Furthermore, SEM morphology 
measurements showed that the bare FTO glass has a rough surface structure (Fig. 4.16a). 
In contrast, the coating via HCl-induced GO precipitation generated a smooth and 
uniform GO layer on the FTO glass (Fig. 4.16b). This indicates that HCl-induced GO 
precipitation may be a simple method to prepare GO-based counter electrode for DSSCs. 
Furthermore, its preliminary efficiency (1.65%), which is not high enough for 
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commercial application, is good enough for us to pursue the future research for a much 
higher efficiency. 
 
Fig.4.16. FESEM images: (a) FTO glass substrate and (b) FTO glass coated with HCl-
induced GO precipitate. 
 
Table 4.1. Photovoltaic performances of DSSCs with GO precipitates on ITO glasses 
as the counter electrode  
Sample No. Counter 
electrode 
Jsc (mA/cm2) Voc(V) FF η (%) 
1 HCl-GO 13.0 0.67 0.19 1.65 
2 LiCl-GO 1.1 0.56 0.21 0.13 
3 LiOH-GO 1.7 0.54 0.25 0.23 
Note: Jsc is short circuit current density, VOC open circuit voltage, FF fill factor, and η: power 
conversion efficiency. 
 
4.4 Conclusion 
Aqueous GO solution can easily be destabilized by a strong electrolyte (acid, base 
or salt), leading to GO precipitation. It was showed that electrostatic repulsion plays the 
most important role in keeping the stability of the aqueous GO solutions. The electrolyte-
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induced precipitates were characterized by TEM, Raman spectroscopy, and FTIR. It was 
found that HCl- and LiCl-induced precipitations could not change the functional groups 
of GO sheets, which are carboxyl, epoxy, and hydroxyl groups. In contrast, during the 
LiOH-induced GO precipitation, the carboxyl group of GO sheets disappeared with a 
remarkable increase in hydroxyl group and aromatic C=C bonds. This indicates that the 
LiOH-induced GO precipitation resulted in the partial reduction of GO sheets. 
Furthermore, the HCl-induced GO precipitation is a feasible approach to deposit GO 
sheets on a substrate as a Pt-free counter electrode for a dye-sensitized solar cell (DSSC), 
which exhibited 1.65% of power conversion efficiency.  
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Chapter 5 Three-Dimensional Honeycomb-like Structured 
Graphene* 
5.1 Introduction 
Graphene, a two-dimensional (2D) carbon sheet with one-atom thickness,30 has 
attracted great interest due to its unique properties.99,232 To explore its practical 
applications, large-scale synthesis with controllable integration of individual graphene 
sheets is essential. So far, numerous approaches have been developed for graphene 
synthesis, including mechanical cleavage30, epitaxial growth,233 and chemical vapor 
deposition.67 All of those techniques are widely used to prepare flat graphene sheets on a 
substrate. Chemical exfoliation of graphite has been applied to prepare graphene oxide 
solutions and graphene-based composite materials.84,224  
Recently, tuning graphene shapes is attracting much attention.234-236 It is believed 
that developing 3D structures of graphene will further expand its significance in 
applications. Cheng and his co-workers synthesized graphene foam using porous Ni foam 
as a template for the CVD growth of graphene, followed by etching away the Ni 
skeleton.237 The graphene foam consists of an interconnected flexible network of 
graphene as the fast transport channel of charge carrier for high electrical conductivity.  
*The material contained in this chapter was previously published in Angew. Chem. Inter. 
Ed. 2013, 52, 9210-9214 by Hui Wang, Yun Hang Hu and other coauthors. See Appendix 
K for documentation of permission to republish this material.   
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Ruoff et al. prepared porous graphene paper from microwave exfoliated graphene 
oxide by KOH activation.238 The porous graphene, which possesses an ultra-high surface 
area and a high electrical conductivity, was exploited for supercapacitor cells, leading to 
high values of gravimetric capacitance and energy density. Feng, Müllen and their 
coworkers synthesized hierarchical macro- and mesoporous graphene frameworks 
(GFs).239-241 The GFs exhibited excellent performance for electrochemical capacitive 
energy storage. Yu et al.242 synthesized graphene tubes on Pd nanowire templates using 
plasma-enhanced chemical vapor deposition (PECVD), followed by etching metal 
nanowire. Qu et al.243 fabricated meter-long graphene microtubes with a tunable diameter 
that could be selectively functionalized for desirable applications. Choi et al. synthesized 
macroporous graphene using polystyrene colloidal particles as sacrificial templates in 
graphene oxide suspension,244 and the pore sizes can be tuned by controlling template 
particle size.245  Actually, those important research works represent a frontier 
topictuning properties of graphene sheets via controlling their shapes.  
In this work, we developed a novel strategy for the synthesis of graphene with 3D 
Honeycomb-like Structure via a simple reaction between Li2O and CO. As shown in 
Fig.5.1, Li2O reacts with CO to form Li2CO3 and honeycomb structured graphene 
simultaneously. The formation of Li2CO3 not only can isolate graphene sheets from each 
other to prevent graphite formation during the process, but also play a role in determining 
the locally curved shape of graphene sheets. Honeycomb structured graphene could be 
obtained after removing Li2CO3 by acid washing.  
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 Fig.5.1. The proposed synthesis process of Honeycomb Structured Graphene. 
 
5.2 Thermodynamic Calculation  
Li2O is widely exploited as a promoter in catalysts to inhibit carbon formation.246 
However, this general recognition would be challenged by this work, in which Li2O is 
used to react with CO to form graphene-structured carbon: 
                         Li2O + 2CO = C (graphene) +Li2CO3      (1)  
This strategy is supported by our thermodynamic calculations: Its Gibbs free energy 
change is negative from room temperature to 1000 oC, indicating that this reaction is 
thermodynamically favorable (Fig.5.2). Its negative enthalpy change (∆H298=-397.5 kJ 
mol-1) suggests it as an energy-economic process. Furthermore, simultaneous formation 
of Li2CO3 with graphene can isolate graphene sheets from each other to prevent graphite 
formation during the process. On the other hand, the Li2CO3 particles will also play a role 
in determining the locally curved shape of graphene sheets. The feasibility of this novel 
approach was confirmed by following experiments. 
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 Fig.5.2. Relationships of Gibbs free energy change (∆G) and reaction enthalpy change (∆H) 
with temperature for reaction between Li2O and CO to graphene and Li2CO3. (The drop 
appeared in enthalpy change is due to phase transformation)  
 
5.3 Experimental 
5.3.1 Synthesis of graphene with honeycomb-like structure 
Lithium oxide (Li2O) power (Aldrich) was loaded into a ceramic tube reactor and 
exposed to CO at pressure of 35 psi. The reactor temperature increased from room 
temperature to target temperature 550 ºC at a rate of 10 ºC/min and then kept at that 
temperature for 12 h, followed by cooling down to room temperature. This solid product 
was treated by 36.5 wt% hydrocholoric acid (HCl) and washed with de-ionized water 
(DW) for more than 10 times. The remained solid was separated from water by 
centrifugation (3600 rpm) and then dried overnight at 80 ºC to get graphene powder. The 
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same preparation procedure was repeated to prepare samples treated at 550 ºC for 24 h 
and 48 h, respectively.  
5.3.2 Characterization 
Powder X-ray diffraction (XRD): All solid products before and after acid wash 
were subjected to X-ray diffraction (XRD) measurements by a Scintag XDS 2000 
Powder Diffractometer with Cu Kα (λ=1.5406 Å) radiation in the range of 10 ≤ 2θ ≤ 70º. 
Field emission scanning electron microscope (FE-SEM): The morphology of 
synthesized graphene was investigated by a Hitachi-4700 field emission scanning 
electron microscope (FESEM) with energy dispersive spectroscopy (EDS). 
Transmission electron microscopy (TEM): TEM images, selected area electron 
diffraction (SAED), and electron energy loss spectroscopy (EELS) were performed in a 
JEOL JEM2010F electron microscope that can be performed in both TEM and scanning 
transmission electron microscopy (STEM) modes. EELS was performed in STEM mode 
with a 0.2 nm probe size and a 12mrad beam convergent angle and 32mrad collection 
angle, respectively. 
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Fig.5.3. JEOL JEM2010F Electron Microscope. 
 
Raman spectroscopy: Raman spectra of graphene were obtained using an 
Olympus BX41 spectrometer with a helium-neon laser to excite the samples. 
X-ray photoelectron spectroscopy (XPS): XPS was exploited to analyze the 
structure of graphene sheets using SPECS surface nano analysis GbmH instrument 
equipped with Al Kα monochromator. 
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 Fig.5.4. SPECS Surface Nano Analysis. 
 
Elemental Analyses: The elemental composition of graphene was recorded using 
a Control Equipment Corp. Model 240XA analyzer.  
 
Fig.5.5. CEC 240 XA Elemental Analyzer. 
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Sheet resistance measurement: Sheet resistance of graphene film was measured 
by Jandel four-point probe system with RM3 test unit.  
 
Fig.5.6. Jandel Four-Point Probe System with RM3 Test Unit. 
 
5.4 Results and Discussion 
5.4.1 X-ray diffraction measurement 
 1 mol of lithium oxide (Li2O) powder (from Aldrich) reacted with CO in 
temperature of 550 oC for 12, 24, or 48 h. The products were subjected to X-ray 
diffraction measurements. As shown in Fig.5.7, diffraction peaks of Li2CO3 can be 
observed, confirming the reaction between Li2O and CO. The diffraction peaks located at 
21.5, 30.6, and 31.7° correspond to diffraction planes (110), (-202), and (002) of Li2CO3. 
The conversions of Li2O are obtained through volume fraction calculation, which are 94, 
95, and 97% for 12, 24, and 48h, respectively. The average crystal size of Li2CO3 is 
calculated using Debye-Scherer equation:  
θβ
λ
cos
94.0
=D  
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where λ is the X-ray wavelength, β the full width at half-maximum (FWHM) of a 
diffraction peak, θ the Bragg angle. The calculation result reveals that Li2CO3 has the 
crystal size at around 40 nm. After the products were treated by hydrochloric acid to 
remove Li2O and Li2CO3, followed by washing with H2O and drying at 80 oC, the black 
powder was obtained and identified as carbon by elementary analysis. Furthermore, the 
XRD patterns of black powders (Fig.5.8) show one broad diffraction peak of 2θ=26.4º. 
The broad diffraction peak is due to lack of perfectly ordered layer structure of graphene.  
 
 
Fig.5.7. XRD patterns of solid products from reaction between Li2O and CO at 550oC with 
three reaction times (12, 24, and 48h). 
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Fig.5.8. XRD patterns of HSG powder obtained from reaction between Li2O and CO at 550 
ºC followed by hydrochloride acid wash. 
 
5.4.2 Morphology of Honeycomb Structured Graphene 
 The morphology of black carbon powder was evaluated by field emission 
scanning electron microscopy (FESEM). As shown in Fig.5.9, one can see curved 
graphene sheets with thickness of about 2 nm, which connect to each other and form a 
three-dimensional honeycomb-like structure. The cell size of graphene honeycomb lies in 
the range of 50-500 nm. Furthermore, 3D honeycomb-like structure of graphene doesn’t 
show variation as increasing the reaction time from 12 h to 48 h.   
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Fig.5.9. FESEM images of graphene sheets produced from reaction between CO and Li2O 
for different time: (a) 12 h; (b) 24 h; (c) and (d) 48 h. 
 
The micro-structure of honeycomb cells was further evaluated by transmission 
electron microscopy (TEM). The TEM image showed the intrinsic wrinkles or 
corrugations of the cell sheets (Fig.5.10). Furthermore, the curved structures of 
honeycomb structured graphene (HSG) were further supported by electron diffraction 
that shows poly-crystalline ring patterns (Fig.5.10 b). Different from spot patterns of flat 
graphene sheets,247,248 the ring diffraction patterns would be due to scrolled or folded 
graphene sheets.247  
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Fig.5.10. TEM image and electron diffraction pattern of graphene sheets produced from 
reaction between CO and Li2O for (a), (b)12 h; (c), (d) 48 h. 
 
 
 
 
 
92 
 
In addition, electron energy loss spectroscopy (EELS) spectra were used to 
investigate the local structure of HSG sheets. As shown in Fig. 5.11, for all four selected 
locations, one can see intensive feature of sp2 bonded carbon atoms in the carbon K-edge 
region: a peak at 285 eV corresponding to 1s-π* transition, and a peak at 291 eV 
associated with 1s-σ* transition.249 However, obvious differences in K-edge peaks at 532 
eV (associated with oxygen groups250) can be observed for different locations, namely, a 
large oxygen K-edge peak at 532 eV occurs at location 4, a small oxygen K-edge peak at 
locations 1 and 3, and no oxygen K-edge at location 2. This indicates that HSG sheets 
contain oxygen groups, which are heterogeneously distributed.  
 
 
Fig.5.11. High-angle annular dark field (HAADF) image and b EELS for locations 1-4 for 
graphene sheets produced from reaction between CO and Li2O at 550oC for 48 h. 
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The content of the sp2 and sp3 bonded carbon as well as oxygen groups was 
evaluated by X-ray photoelectron spectroscopy (XPS). As shown in Fig.5.12, one can see 
the C1s peak. The deconvolution of this peak revealed three components centered at 
284.9, 285.7, and 286.8 eV, which would be associated with sp2 carbon, sp3 carbon, and 
O-C-O group.251 The main component is sp2 bonded carbon (72.6-74.8%), whereas sp3 
carbon (21.7-22.3%) and oxygen groups (3.5-5%) constitute a small part of graphene 
sheets. This is consistent with the EDS analysis that showed 94.6-97.5% carbon and 2.5-
5.4% oxygen in HSG (Table 5.1). Furthermore, with increasing synthesis time for HSG, 
the content of sp2 bonded C increases, whereas sp3 bonded C and the C-O groups 
decrease. 
 
Table 5.1. EDS analysis of honeycomb structured graphene 
Samples* Carbon (atomic ratio) Oxygen (atomic ratio) 
HSG-12h 94.56 % 5.44 % 
HSG-24h 96.91 % 3.09 % 
HSG-48h 97.44 % 2.56 % 
* HSG-12h, HSG-24, and HSG-48 denote the honeycomb structured graphene with synthesis time 
of 12, 24, and 48h, respectively. 
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Fig.5.12. XPS spectra of (a) HSG-12h (honeycomb structured graphene synthesized from 
reaction between CO and Li2O for 12h), (b) HSG-24h and (c) HSG-48h.  
 
Raman spectroscopy was widely exploited to reveal the defect structure of carbon 
materials with characteristic Raman peaks at ~1350 cm-1 (D band corresponding to the 
breathing mode of aromatic rings with dangling bonds) and ~1580 cm-1 (G band 
associated with the bond stretching of sp2 carbon pairs).88 The Raman spectra of HSG 
exhibit an obvious G peak at ~1580 cm-1, providing the evidence of sp2 bonded carbon 
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(Fig.5.13). One can also see a comparable intensity of D peak to G peak, indicating 
structural defects caused by oxygen-functional groups.193,252 This is consistent with XPS 
results (Fig.5.12). Furthermore, sheet resistance of the 20 µm HSG film on bare glass is 
3.4 kΩ/sq for HSG-12h, 1.6 kΩ/sq for HSG-24h, and 0.45 kΩ/sq for HSG-48h. In 
contrast, CEG (graphene synthesized by chemical exfoliation of graphite) has a large 
sheet resistance (64 kΩ/sq). This indicates that HSG possesses much higher conductivity 
than CEG. Therefore, the structural defects and the high conductivity of HSG present 
unique opportunities for its applications related to energy conversion and storage. 
 
Fig.5.13. Raman spectra of honeycomb structured graphene (HSG) after heat treatment at 
550 °C for 12 h, 24 h, and 48 h. 
 
5.5 Conclusion 
In summary, a novel approach, which is based on a simple reaction between Li2O 
and CO, was exploited to synthesize three dimensional Honeycomb Structured graphene 
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sheets. The simultaneous formation of Li2CO3 with graphene not only can isolate 
graphene sheets from each other to prevent graphite formation during the process, but 
also play a role in determining the locally curved shape of graphene sheets. After the 
products were treated by hydrochloric acid to remove Li2O and Li2CO3, graphene sheets 
with a three-dimensional honeycomb-like structure were obtained. For the honeycomb 
structured graphene, EDS analysis reveal that there is 94.6-97.5% carbon and 2.5-5.4% 
oxygen. The main component is sp2 bonded carbon (72.6-74.8%), whereas sp3 carbon 
(21.7-22.3%) and oxygen groups (3.5-5%) constitute a small part of graphene sheets. 
Furthermore, these oxygen groups are heterogeneously distributed. Honeycomb 
structured graphene sheets have structural defects, but they exhibit excellent conductivity.  
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Chapter 6 Three-Dimensional Honeycomb Structured 
Graphene as Counter Electrode Catalysts for Dye-sensitized 
Solar Cells* 
6.1 Introduction 
Dye-sensitized solar cells (DSSCs) are currently the leading photovoltaic device 
with regards to third generation PVs. Since a prototype for DSSCs was reported in 1991 
by O’Regan and Grätzel,21 they have aroused an intense interest due to their low cost, 
easy fabrication, and high power conversion efficiency. As shown in Fig.6.1, a typical 
dye-sensitized solar cell consists of a dye-sensitized nanocrystalline TiO2 film as the 
photoanode, a counter electrode (CE) and an electrolyte with a redox couple in the liquid 
or solid state.27-29 The CE’s task is to reduce redox species in liquid solar cells, which are 
used as mediators in the regeneration of the sensitizer after electron injection, or to 
collect holes from the hole conducting material in solid-state DSSCs. For an optimized 
cell, one must choose a CE material with the lowest possible sheet resistance, excellent 
catalytic activity for the reduction of the redox electrolyte, high chemical stability and a 
low cost.  
  
*The material contained in this chapter was previously published in Angew. Chem. Inter. 
Ed. 2013, 52, 9210-9214 by Hui Wang, Yun Hang Hu and other coauthors; Energy 
Envirom. Sci. 2012, 5, 8182-8188 by Hui Wang and Yun Hang Hu. See Appendix K and 
L for documentations of permission to republish these materials.   
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Fig.6.1. Counter electrode in a DSSC.  
 
The reactions at the CE are dependent on the type of redox mediator used to 
transfer charge between the photoelectrode and the CE. In the case of iodide–tri-iodide 
couple as the redox mediator and the overall redox reaction in DSSCs can be described as 
following: 
−− ↔+ IeI 323   
The tri-iodides are produced near the dye-sensitized TiO2 electrode and reduced at 
the counter electrode. Platinum-loaded conducting glass has been widely employed as the 
standard CE for DSSCs due to its high catalytic activity and excellent conductivity as 
well as its high corrosion stability against iodine in the electrolyte.171-173 However, the 
combination between the limited resource of platinum and the large application of 
platinum-based catalysts in the vehicle industry makes platinum extremely expensive and 
in diminishing supply. Therefore, it is important to explore Pt-free materials to replace 
the Pt counter electrode for DSSCs.171 For this reason, recent attention has been focused 
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on various materials as potential alternatives to Pt, including carbon,230,231,256-258 transition 
metal sulfides,259-263 nitrides,264-268 and carbides.269,270 
Graphene was expected to be a promising material for DSSC counter electrodes 
due to its excellent conductivity that can decrease charge transfer resistance (Rct). 
Kaniyoor and Ramaprabhu271 showed that the Rct of thermally exfoliated graphene (TEG) 
films is 11.7 Ω/cm2, which is very close to that of Pt electrodes (6.5 Ω/cm2).  So far, 
several groups have explored graphene-based counter electrodes, the reported efficiencies 
of DSSCs fabricated with graphene counter electrodes vary from 0.7 to 6.8%. Graphene 
films for DSSC counter electrodes have been formed by various techniques, including 
thermal exfoliation from graphite oxide,271 the oxidative exfoliation of graphite followed 
by hydrazine reduction,272 the chemical reduction of graphene oxide colloids under 
microwave irradiation273 and electrophoretic deposition (EPD) followed by an annealing 
treatment.274,275 So far, the best DSSC efficiency (6.8%) has been obtained with a 
graphene counter electrode. Besides, graphene-based composites including 
graphene/polymer, graphene/metal, and graphene/carbon nanotube, were fabricated to be 
counter electrodes for DSSCs.  
Current research focus on flat graphene sheets, however, there is little information 
about 3D graphene as counter electrode in DSSCs. It was found that the defects and 
functional groups of the graphene sheets play a critical role in the electrocatalytic sites in 
DSSC counter electrodes. Raman spectra show that honeycomb-structured graphene have 
defect structures. Therefore, it is reasonable to hypothesize that honeycomb-structured 
graphene could be an efficient counter electrode material for DSSCs.  
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6.2 Experimental  
6.2.1 Fabrication of DSSCs 
3D graphene with honeycomb like structure was synthesized by the reaction of 
Li2O and CO, followed by treatment of hydrochloric acid. The details were described in 
Chapter 5. Chemical-exfoliation graphene sheets were prepared as follows: Graphite 
oxide was obtained from graphite powder with modified Hummers method.74 The 
obtained graphite oxide was dissolved in di-ionized (DI) water and exfoliated to graphene 
oxide by ultra-sonic treatment. Then, the graphene oxide was chemically reduced to 
graphene sheets by NaBH4. The obtained graphene sheets were washed by DI water and 
dried.     
Fluorine-doped tin oxide (FTO) glass plates were cleaned and immersed in 40 
mM TiCl4 at 70 ºC for 30 min. TiO2 paste (P25 TiO2 in EtOH) was deposited on FTO 
glass to prepare a TiO2-based photoelectrode. The photoelectrodes were heated at 325, 
375, 450, and 500 ºC for 5, 5, 15, and 15 min, respectively. Then the TiO2 deposition and 
heat-treatment processes were repeated one more time. After that, the TiO2 
photoelectrodes were treated again with 40 mM TiCl4 at 70 ºC for 30 min and sintered at 
500 ºC for 30 min. The obtained photoelectrodes were immersed in an ethanol solution of 
0.3 mM N719 dye (Aldrich) for 24 h to achieve sensitization. The counter electrode was 
prepared by depositing graphene (HSG or CEG) on FTO glass plates. The electrolyte in 
the DSSCs consists of 0.025 M LiI, 0.04 M I2, 0.28 M tert-butylpyridine (TBP), 0.05 M 
guanidinium thiocyanate, and 0.6 M 1-Buty-3-methylimazolium iodide (BMII) in 
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acetonitrile/valeronitrile with 85/15 volume ratio. The sandwich-type DSSCs were 
assembled by combining the photoelectrode and the counter electrode together with the 
electrolyte. The active area of a fabricated DSSC was 0.5 × 1.0 cm2. 
6.2.2 Characterization 
Photocurrent-voltage (I-V) measurement: The Photocurrent−voltage 
measurements were performed using a Keithley Model 2400 measurement unit. The light 
source (AM 1.5 solar illumination, 100 mW/cm2) was generated by a Newport solar 
simulator equipped with a 1.5G air mass filter. 
Incident photon-to-current conversion efficiency (IPCE): IPCE curves were 
obtained after the simulated sunlight was focused through a monochromator (Newport). 
 
Fig.6.2. Newport IPCE Kit. 
 
Electrochemical impedance spectra (EIS): EIS spectra of DSSCs were obtained 
in the dark at −0.7 V applied bias by a CHI660 electrochemical workstation. The 
frequency was varied from 0.1 Hz to 100 kHz for the EIS measurements. 
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Fig.6.3. CHI660 Electrochemical Workstation. 
 
Cycle voltammetry (CV): CV was carried out on an EG&G Princeton applied 
research electrochemical workstation (Model 273A). The measurement employed a three-
electrode system (containing an acetonitrile solution of 0.1 M LiClO4, 10 mM LiI, and 1 
mM I2 at a scan rate of 20 mV/s): a Pt wire as the counter electrode, an Ag/AgCl 
electrode as the reference electrode, and the graphene-based electrode as the working 
electrode. 
 
Fig.6.4. EG&G Princeton Applied Research (Model 273A) Electrochemical Workstation. 
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6.3 Results and Discussion 
6.3.1 Photovoltaic performance of DSSCs with Honeycomb Structure graphene as 
CEs 
We employed HSG without any conductive polymer as a CE for DSSCs. The 
photoelectrode of the DSSCs is N719 dye sensitized TiO2 film on fluorine-doped tin 
oxide (FTO) glass plate, and the electrolyte is I3-/I- based liquid. The current-voltage 
characteristics of the DSSCs were shown in Fig.6.5 with detail parameters summarized in 
Table 6.1. The DSSC with HSG-12h CE exhibited the best performance with the short-
circuit current density (Isc) of 27.2 mA/cm2, open-circuit voltage (Voc) of 0.773 V, fill 
factor (FF) of 0.371, and power conversion efficiency (η) of 7.8% under illumination of 
AM1.5 simulated sunlight with power density of 100 mW cm-2. This efficiency is 10 
times higher than that (0.64%) of the DSSC with a CEG-based CE. Furthermore, it is 
even comparable to that (8%) of Pt-based DSSCs.  
OCSC
MAX
VI
P
FF
×
=   (1) 
AE
PMAX
×
=η            (2) 
Wheres PMAX: maximum power point; Voc: open circuit voltages; Isc: short circuit 
current; E: input light irradiance (W/m2); A: surface area of solar cell (m2). 
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Fig.6.5. I-V curves of DSSCs with honeycomb-structured graphene as a counter 
electrode. 
 
 
 
Table 6.1. The photovoltaic performance of DSSCs with honeycomb-structured 
graphene counter electrodes 
Samples Jsc (mA/cm2) Voc (V) FF η 
HSG-12h 27.2 0.773 0.371 7.80% 
HSG-24h 26 0.774 0.325 6.53% 
HSG-48h 
 
26 0.773 0.314 6.30% 
CEG 6.48 0.785 0.127 0.64% 
 
However, the efficiency of the HSG-based DSSC is affected by HSG synthesis 
time. When the synthesis time increased from 12 to 48 hours, the efficiency of the DSSC 
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with a HSG CE decreases from 7.8 to 6.3%. The decrease of efficiency with increasing 
HSG synthesis time is further supported by incident photon to charge carrier efficiency 
(IPCE) spectra (Fig.6.6). It is well-known that two critical factors (electrical conductivity 
and catalytic activity) determine CE performance for DSSCs, namely, the larger the 
conductivity and the catalytic activity, the higher the energy conversion efficiency is. 
However, when the HSG synthesis time increased from 12 to 48h, the HSG conductivity 
increased (which is reflected by the decrease in its sheet resistance from 3.4 to 0.45 
kΩ/sq), whereas the efficiency of the HSG-based DSSC decreased. This indicates that the 
decrease in efficiency with increasing HSG synthesis time is not due to the variation of 
HSG conductivity. It has been recognized that defects of graphene sheets are active sites 
for the catalytic reduction of I3- to I- at CE.262 Furthermore, it was suggested that the 
defects due to nitrogen-doping could play a catalytic role.276 Similarly, the existence of 
oxygen in HSG sheets could generate the defects as catalytic sites (Fig.5.12). The XPS 
results showed that the increase in HSG synthesis time reduced oxygen-containing 
groups, indicating the decrease of structural defects and thus the decrease of catalytic 
activity. Therefore, the decrease of catalytic activity with increasing HSG synthesis time 
would be responsible for the decrease in HSG-based DSSC efficiency. 
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Fig.6.6. IPCE of DSSCs with honeycomb structured graphene counter electrodes. 
 
6.3.2 Electrochemical characteristics of DSSCs with honeycomb structured 
graphene as CEs 
This relationship between catalytic activity and synthesis time of HSG was further 
evaluated by electrochemical impedance spectroscopy (EIS). As shown in Fig.6.7, one 
can see Nyquist plots of DSSCs fabricated with various CEs, in which two semicircles 
are observed in the higher (left) and lower (right) frequency regions. The experimental 
EIS curves were fitted by equivalent circuit model with Z-view software (Fig.6.7) and 
summarized in Table 6.1. The first semicircle corresponds to charge-transfer resistance 
(Rct) at CE/electrolyte interface, which changes inversely with catalytic ability of CEs for 
the reduction of I3- to I-, while the semicircle in lower frequency region is attributed to 
Nernst diffusion process (ZN).277 As the three HSG counter electrodes have nearly the 
107 
 
same value of Rs, the effect of Rs on photovoltaic performance can be neglected. The 
value of Rct increases in the order of HSG-12h (20 Ω) < HSG-24h (35 Ω) < HSG-48h (45 
Ω), which is inverse to the order of electrocatalytic activity. Although HSG-12h 
possesses the highest intrinsic sheet resistance, it exhibits the lowest transfer resistance 
(Rct) at interface due to its higher catalytic activity. Furthermore, the DSSC with a CEG 
counter electrode has a very large transfer resistance (2500 Ω), indicating its very low 
catalytic activity and thus explains why its power conversion efficiency is negligible. 
 
 
Fig.6.7. EIS of DSSCs with honeycomb structured graphene counter electrodes. 
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 Table 6.2. The electrochemical characteristics of DSSCs with honeycomb structured 
graphene counter electrodes 
Samples Rs (Ω) Rct (Ω) ZN (Ω) 
HSG-12h 24 20 220 
HSG-24h 25 35 265 
HSG-48h 
 
24 45 310 
CEG 27 2500 10000 
 
Cyclic voltammetry (CV) curves were obtained for three HSG CEs, which show 
two pairs of oxidation and reduction peaks (Fig. 6.8). Since the counter electrode of a 
DSSC mainly catalyzes the reduction of I3- to I-, which can be evaluated by the peak 
current density and the peak-to-peak separation (Epp) of Aox and Ared peaks, namely, the 
higher the peak current density and the lower the Epp value, the better the catalytic 
activity is.278 The HSG-12 h CE showed the highest current density (1.644 mA/cm2) and 
the lowest Epp (0.246 V) among the three electrodes, indicating its best electrocatalytic 
activity. This further supports the results of J-V, IPCE, and EIS measurements. 
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Fig.6.8. CV curves of DSSCs with honeycomb structured graphene counter electrodes 
 
6.4 Conclusion 
Dye-sensitized solar cells with the honeycomb structured graphene as counter 
electrode were successfully fabricated and measured. The DSSCs exhibited energy 
conversion efficiency as high as 7.8%, which is even comparable to that of DSSCs with 
an expensive Pt counter electrode. As increasing graphene synthesis time, the energy 
conversion efficiencies of DSSCs decrease due to the decrease of structural defects and 
thus the decrease of catalytic activity. This result is further supported by IPCE spectra. 
Electrochemical characteristics of DSSCs with HSG as counter electrode confirm that the 
catalytic activity of HSG decrease with increasing HSG synthesis time. In addition, the 
honeycomb structured graphene can be expected to have promising applications for 
energy storage devices, such as batteries and supercapacitors. 
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Chapter 7 Summary 
In this dissertation, graphene synthesis methods were investigated and developed. 
Chemical oxidation and reduction approach was used to produce graphite oxide, and 
graphene oxide solution. Novel graphene synthesis method was developed by the reaction 
between Li2O and CO, and the resulted honey-nest-structured graphene was employed as 
counter electrode in DSSCs.  
The effect of oxygen content on structure of graphite oxide was studied in the 
process of chemical oxidation and reduction method. Oxygen content of graphite oxide 
was tuned by changing the oxidation time via a modified Hummers approach. There are 
three types of functional groups in graphite oxides (epoxy, carboxyl, and hydroxyl 
groups), which are independent of the oxidation time. However, the content of oxygen-
containing functional groups increased with increasing the oxidation time and reached a 
saturated level (O/C = 0.47) in 1.5 h. Furthermore, the interplanar spaces and BET 
surface areas of graphite oxides linearly increased with increasing oxygen content. 
However, the ratio of the D band to the G band in Raman spectroscopy, which is 
associated with the disorder of the carbon backbone, remained unchanged with increasing 
oxygen content.  
The stability of graphene oxide (GO) solution was evaluated. One can see that 
aqueous GO solution can easily be destabilized by a strong electrolyte (such as acid, base, 
or salt), leading to GO precipitation. Electrostatic repulsion plays the most important role 
in keeping the stability of the aqueous GO solutions. It was found that HCl- and LiCl-
induced precipitations could not change the functional groups of GO sheets, which are 
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carboxyl, epoxy, and hydroxyl groups. In contrast, during the LiOH-induced GO 
precipitation, the carboxyl group of GO sheets disappeared with a remarkable increase in 
hydroxyl group and aromatic C=C bonds. This indicates that the LiOH-induced GO 
precipitation resulted in the partial reduction of GO sheets. Furthermore, the HCl-induced 
GO precipitation is a feasible approach to deposit GO sheets on a substrate as a Pt-free 
counter electrode for a dye-sensitized solar cell (DSSC), which exhibited 1.65% of power 
conversion efficiency. 
Novel approach to synthesis three dimensional (3D) graphene was developed. A 
simple reaction between Li2O and CO was designed to synthesize three dimensional 
Honeycomb-like structured graphene. The simultaneous formation of Li2CO3 with 
graphene not only can isolate graphene sheets from each other to prevent graphite 
formation during the process, but also play a role in determining the locally curved shape 
of graphene sheets. 3D graphene with honeycomb structure were obtained after removing 
Li2CO3. This would be the first approach to synthesize 3D graphene sheets with a 
controllable shape. For the honeycomb-structured graphene, there is 94.6-97.5% carbon 
and 2.5-5.4% oxygen. Furthermore, these oxygen groups are heterogeneously distributed. 
3D honeycomb structured graphene has excellent electrical conductivity.  
Dye-sensitized solar cells with the honeycomb-structured graphene as counter 
electrode were successfully fabricated and measured. The DSSCs exhibited energy 
conversion efficiency as high as 7.8%, which is even comparable to that of DSSCs with 
an expensive Pt counter electrode. It indicates that 3D honeycomb-structured graphene 
(HSG) possesses excellent electrical conductivity and high catalytic activity, which is 
112 
 
confirmed by IPCE spectra, CV curves and EIS spectra. As increasing graphene synthesis 
time, the energy conversion efficiencies of DSSCs decrease due to the decrease of 
structural defects and thus the decrease of catalytic activity. 
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